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Abstract

Noctilucent clouds (NLCs) consist of ice particles and are the highest clouds in
the Earth’s atmosphere, occurring at 80-85 km above the Earth’s surface in the ex-
tremely cold (~130K) summer mesopause region at mid and high latitudes. The
formation of NLCs requires extremely cold background temperatures and the pres-
ence of water vapour (H;O). Due to their high sensitivity to temperature and wa-
ter vapour concentration, NLCs have been proposed as important tracers for back-
ground atmospheric conditions in the summer mesopause region. The 11-year solar
cycle significantly influences temperature and water vapor in the upper mesosphere.
Since water vapor and temperature play a major role in determining the chemistry
and dynamics of the mesosphere, a detailed understanding of the underlying mech-
anisms is essential for studying solar-induced changes and assessing long-term cli-
mate trends in the upper mesosphere. In this thesis, the influence and effects of the
11-year solar cycle on NLCs, background water vapor, and temperatures are inves-
tigated using an atmospheric background model Leibniz Institute for the Middle
Atmosphere (LIMA) and a microphysical model Mesospheric Ice Microphysics And
tranSport (MIMAS). One of the main findings is that, in the presence of NLCs, the
solar cycle response of water vapor strongly depends on altitude. It is found that
H>O concentration correlates positively with temperature changes due to the solar
cycle at altitudes above about 83 km, where NLCs form. The photolysis effect leads
to an anti-correlation of H,O concentration and solar Lyman-alpha (Ly«) radiation,
which gets even more pronounced at altitudes below 83 km where NLC ice parti-
cles sublimate. The effects of increasing greenhouse gases on the long-term trends
in the response of noctilucent clouds (NLCs) and the background atmosphere to the
11-year solar cycle, which spans 170 years (from 1849 to 2019) and covers 15 so-
lar cycles, are investigated. The results show that the background temperature and
H,O exhibit an apparent response to the solar cycle that increases after 1960 due to
increased greenhouse gas concentrations. The solar cycle impact on NLC proper-
ties, including maximum brightness (Bmax) and ice water content (IWC), increases
with time, primarily due to the increased water vapor content resulting from the
increased methane concentration. The continuing increase in methane emissions is
expected to significantly enhance the brightness of NLCs and their ice water content
in the future. Our study investigates the absorption of solar radiation by future en-
hancements in NLCs by performing model simulations for the period from 1950 to
2100 with increasing methane concentration according to future climate scenarios.
The results illustrate that, at 69 £ 3°N, UV absorption by NLCs at A = 126 nm is
predicted to increase from ~ 3% to ~ 7% by 2100. Absorption of the visible spec-
trum (532 nm) is expected to increase from 0.0030% in 1950 to 0.020% in 2100, with
local values of up to 0.35%. It is estimated that future average absorptions in some
regions will be of the same order of magnitude as the variations caused by the solar
cycle. Similar trends are observed at 79 £ 3°N, while they are lower at 58 & 3°N. The
ice mass in the NLCs is expected to increase from 677 to 1871 tonnes between 1950
and 2100.






Zusammenfassung

Leuchtende nachtwolken (Noctilucent Clouds, NLCs) bestehen aus Eispar-
tikeln und sind die hochsten Wolken in der Erdatmosphére. Sie entstehen in 80-
85 km Hohe tiber der Erdoberfliche in der extrem kalten Sommermesopausen-
region in mittleren und hohen Breiten. Die Bildung von NLCs erfordert extrem
kalte Hintergrundtemperaturen (~130K) und das Vorhandensein von Wasserdampf
(H20). Aufgrund ihrer hohen Empfindlichkeit gegentiber Temperatur und Wasser-
dampfkonzentration wurden NLCs als wichtige Tracer in der Sommermesopausen-
region vorgeschlagen. Der 11-jdhrige Sonnenzyklus beeinflusst Temperatur und
Wasserdampf in der oberen Mesosphire erheblich. Da Wasserdampf und Tem-
peratur eine wichtige Rolle bei der Bestimmung der Chemie und Dynamik der
Mesosphaire spielen, ist ein detailliertes Verstandnis der zugrundeliegenden Mech-
anismen von wesentlicher Bedeutung fiir die Untersuchung solarer Verdnderungen
und die Bewertung langfristiger Klimatrends in der oberen Mesosphére. In dieser
Arbeit werden der Einfluss und die Auswirkungen des 11-jahrigen Sonnenzyklus
auf NLCs und Hintergrundwasserdampf und -temperaturen mit Hilfe eines atmo-
sphérischen Hintergrundmodells (Leibniz-Institut fiir Mittlere Atmosphére (LIMA))
und eines mikrophysikalischen Modells (Mesospheric Ice Microphysics And tranS-
port (MIMAS)) untersucht. Eine der wichtigsten Erkenntnisse ist, dass die Reak-
tion des Wasserdampfes auf den Sonnenzyklus wihrend der NLCs stark von der
Hohe abhédngt. Es zeigt sich, dass die HyO-Konzentration in Hohen oberhalb von
etwa 82 km, wo sich NLCs bilden, positiv mit den Temperaturdnderungen aufgrund
des Sonnenzyklus korreliert. Der Photolyse-Effekt fithrt zu einer Anti-Korrelation
zwischen der H,O-Konzentration und der solaren Lyman-Alpha-Strahlung (Lya),
die in Hohen unter 83 km, wo NLC-Eispartikel sublimieren, noch ausgeprégter ist.
Wir haben auch die Auswirkungen zunehmender Treibhausgase auf die langfristi-
gen Trends in der Reaktion der NLCs und der Hintergrundatmosphire auf den
11-jahrigen Sonnenzyklus untersucht, der sich tiber 170 Jahre (1849 bis 2019) er-
streckt und somit 15 Sonnenzyklen abdeckt. Die Ergebnisse zeigen, dass die Hin-
tergrundtemperatur und H,O wahrend des gesamten Untersuchungszeitraums eine
offensichtliche Reaktion auf den Sonnenzyklus zeigen, die sich nach 1960 aufgrund
der erhdhten Treibhausgasemissionen verstéarkt. Die Auswirkungen des Sonnenzyk-
lus auf die NLC-Eigenschaften, einschliefslich der maximalen Helligkeit (Bmax) und
des Eiswassergehalts IWC), nehmen mit der Zeit zu, was in erster Linie auf den er-
hohten Wasserdampfgehalt infolge der gestiegenen Methankonzentration zuriick-
zufiihren ist. Es wird erwartet, dass der anhaltende Anstieg der Methanemissio-
nen die Helligkeit der NLCs und ihren Eiswassergehalt in Zukunft deutlich er-
hohen wird. In dieser Studie wurde die Absorption der Sonnenstrahlung durch
zukiinftige Verbesserungen in NLCs untersucht, indem Modellsimulationen fiir den
Zeitraum von 1950 bis 2100 mit steigender Methankonzentration gemafs zukiinftiger
Klimaszenarien (IPCC RCP 8.5) durchgefiihrt wurden. Die Ergebnisse zeigen, dass
bei 69+3°N die UV-Absorption durch NLCs bei A = 126 nm von ~ 3% to ~ 7%
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ansteigen wird, was bis 2100 lokal 30% erreichen konnte. Die Absorption des sicht-
baren Spektrums (532 nm) wird voraussichtlich von 0,0030% im Jahr 1950 auf 0,020%
im Jahr 2100 ansteigen, mit lokalen Werten von bis zu 0,35%. Es wird geschitzt, dass
die durchschnittliche Absorption in einigen Regionen in der Grofienordnung der
Schwankungen des Sonnenzyklus liegen wird. Ahnliche Trends sind bei 79 + 3°N
zu beobachten, wahrend sie bei 58 & 3°N geringer sind. Die Eismasse in den NLC
wird zwischen 1950 und 2100 voraussichtlich von 677 auf 1871 Tonnen ansteigen.
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Chapter 1

Introduction

1.1 The Earth’s atmosphere

The Earth’s atmosphere is a complex and dynamic system of gases that sur-
rounds the planet, playing an important role in regulating temperature and climate.
It is composed of many different gases, the most abundant of which are nitrogen
(78%) and oxygen (21%), along with other common gases such as argon (0.94%), car-
bon dioxide (0.04%) and traces of different elements. The atmosphere also contains
varying amounts of water vapour (H,O) and many small solid or liquid particles
known as aerosols. These aerosols can originate from outer space, occur naturally
or be caused by humans and play an important role in various atmospheric pro-
cesses. Ascending from the Earth’s surface makes the atmosphere less dense, and
air pressure decreases. Although there is no well-defined upper boundary to the
atmosphere, the region around 100-120 km above the Earth’s surface is generally
considered the boundary between the atmosphere and space.
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FIGURE 1.1: Thermal structure of the Earth’s atmosphere (adapted from Baum-
garten (2001))
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The atmosphere is divided into distinct layers based on temperature gradient
with varying altitude (see Figure 1.1). From the surface upwards, these layers are the
troposphere, stratosphere, mesosphere, and thermosphere, separated by so-called
"pauses” where the temperature gradients change, as shown in Figure 1.1. These lay-
ers influence the Earth’s climate and determine weather patterns and environmen-
tal conditions. A comprehensive understanding of the individual layers is therefore
essential for improving our understanding of the complex workings of our atmo-
sphere.

The troposphere is the lowest layer of the Earth’s atmosphere, in which the tem-
perature decreases with altitude and extends up to an average height of 8-16 kilo-
metres. Weather phenomena, such as wind, rain, and storms, occur in this layer. Its
upper boundary is known as the tropopause.

Above the troposphere lies the stratosphere, which extends from around 12 to
50 kilometres. The ozone layer is located in the stratosphere between 15 and 30
kilometres above the Earth and protects us from the Sun’s harmful ultraviolet (UV)
radiation. This layer’s most common chemical process is the oxygen-ozone cycle,
also known as the Chapman cycle, in which the Sun’s UV radiation is converted
into heat. Due to the absorption of UV radiation, the temperature increases with
altitude and reaches up to 270 K at the stratopause.

As we ascend further, we reach the mesosphere, which extends from 50 to 90
km. In this layer, the temperature decreases with altitude and reaches minimum at
its upper boundary, the mesopause. This region is the coldest place on Earth and
the layer where meteors burn up as they enter the Earth’s atmosphere. In the polar
mesosphere, gravity waves (GW) play an essential role in circulation patterns and
cause temperatures to be colder in summer than in winter. During summer, temper-
atures in the polar mesosphere may reach as low as 130 K, allowing the formation of
ice particle clouds known as noctilucent clouds (NLCs), which is the main focus of
this thesis.

The thermosphere extends from the mesopause to the edge of space (500-1000
km). The ionosphere is the lowest part of the thermosphere, where the electron den-
sity peaks at around 250 km. In the thermosphere, temperatures rise dramatically
due to the absorption of solar radiation and can reach up to 2000 K during the day.

1.2 Motivation

Global greenhouse gas (GHG) emissions have been rising for decades, mainly
due to anthropogenic activities such as burning fossil fuels to generate energy, de-
forestation, and industrial processes. In the current climate debate, the increase of
anthropogenic GHGs and their effect on global climate change has been widely in-
vestigated for atmospheric layers close to the Earth’s surface. The combined air and
sea surface temperatures averaged over the globe over 30 years, showing an increase
of 0.2 K/decade (Intergovernmental Panel on Climate Change Fourth Assessment
Report (IPCC) Fifth Assessment Report (AR5)). However, in the atmosphere above
the troposphere, the temperature trend reverses, and an increase in CO, leads to the
cooling of the middle atmosphere, which is induced by enhanced infrared emission
to space (Roble and Dickinson, 1989; Garcia et al., 2007; Berger and Liibken, 2011;
Liibken et al., 2013; Marsh et al., 2013). Studies have shown that the global temper-
ature change in the mesosphere is particularly large compared to the layers below.



1.2. Motivation 3

This has led to the idea that the changes in mesosphere could be an early warning
system for climate change (Thomas, 1996).

The mesosphere and lower thermosphere (MLT) region, which acts as an inter-
face between the Earth’s atmosphere and space, is characterized by unique dynamics
and physical phenomena. MLT is one of the least understood regions of Earth’s at-
mosphere because it is particularly difficult to study this region continuously, as it
is too low for satellites and too high for most in situ measurement methods, such
as weather balloons. Scientists have nicknamed this region the “ignorosphere” for
these limitations in making observations. The mesosphere is crucial for studying
climate-related issues. Understanding its thermal and dynamic structure improves
our knowledge of atmospheric processes and coupling mechanisms between the dif-
ferent atmospheric layers.

A notable feature of the MLT region is the different temperature profiles in sum-
mer and winter (see Figure 1.1). In summer, this region is generally relatively colder
than in winter due to the increased gravity waves (GW) activity. In the summer
mesopause region, mean temperatures as low as ~130 K are reached (e.g., Liibken,
1999) with local deviations of up to £15 K due to gravity waves (see, for example,
Philbrick et al., 1984; Rapp et al., 2002). These extremely low temperatures lead to
the formation of ice particle clouds in the polar summer mesosphere, the so-called
noctilucent clouds (NLCs), which are the main topic of this thesis.

What are noctilucent clouds?

Noctilucent clouds (NLCs), also known as polar mesospheric clouds (PMCs),
form at altitudes of 80-86 km in both polar regions, poleward of ~55°, and only in
summer. NLCs are made up of ice particles with a size of 40-80 nm, much smaller
than the particles of tropospheric clouds (usually 10 pym and larger). Their formation
is strongly dependent on temperature and water vapour availability. NLCs were
first observed in northern Europe in 1885, following the remarkable volcanic erup-
tion of Krakatoa between Java and Sumatra two years earlier (Leslie, 1885 ; Back-
house, 1885; Jesse, 1885). NLCs can only be observed during nautical twilight. At
the same time, the Sun still illuminates the atmosphere at 80 kilometres and above,
but not the ground or the lower atmosphere. Since NLCs are located at very high
altitudes (80-86 km), they can reflect the sunlight after an observer has entered the
Earth’s shadow. During the day, NLCs may be present but are not visible to the
naked eye as they are obscured by Rayleigh scattering in the lower atmosphere. The
typical appearance of NLCs observed over Kiihlungsborn beach is shown in Figure
1.2.

Unlike typical clouds in Earth’s troposphere, which contains 75% of the atmo-
spheric mass and 99% of the water vapour, Noctilucent Clouds (NLCs) form in the
upper mesosphere. In this region, water vapour exists in extremely low concentra-
tions, namely just a few parts per million by volume (ppmv) (e.g., Seele and Hartogh,
1999). Although the amount of water vapour at this altitude is extremely low, the
extremely low temperatures (110-150 K) can lead to supersaturation of the water
vapour (Rapp and Thomas, 2006). This creates areas of potential ice formation that
do not occur at lower latitudes due to the relatively higher temperatures.
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FIGURE 1.2: NLCs seen from the beach of Kithlungsborn on 12 July 2023, 23:37

Why do we study NLCs?

NLCs have been the subject of scientific interest for many years. As mentioned
above, temperature and water vapour measurements in the MLT are difficult to per-
form. Therefore, indirect indications for the thermal structure and changes are im-
portant. Since ice particles are very sensitive to temperature and water vapour, NLC
properties such as occurrence rate, brightness, and altitude can be used as indicators
for temperature trends and/or water vapour concentrations (Liibken et al., 2009)
and are often referred to as "The Miner’s Canary of Global Change” (Thomas, 1996).
Consequently, it has been argued that even small long-term changes in the meso-
spheric water vapour content and/or changes in the mesospheric temperature pro-
file due to anthropogenic emissions of methane (which is a source for mesospheric
water vapour) and carbon dioxide (which is the dominant infrared cooling agent in
the upper mesosphere) should lead to prominent long-term changes of the observed
properties of NLCs, like their occurrence rate and their brightness (Thomas et al.,
1989; Rapp and Thomas, 2006).

Therefore, NLCs are utilised as tracers for thermal and dynamic changes in the
Earth’s mesopause region, and studying their properties and evolution provides us
with insight into the climate changes occurring in the upper atmosphere (Thomas,
2003; Libken et al., 2018).

1.3 Objectives and outline of the thesis

The 11-year solar cycle is one of the factors that influence the mesospheric tem-
perature and water vapour and thus the formation and properties of NLCs (e.g.
Thomas, 1996; Deland et al., 2006; Shettle et al., 2009; Liibken et al., 2009). In-
vestigating the relationship between the solar cycle and the properties of NLCs is
one of the keys to studying the effects of the solar cycle on the upper mesosphere.
The main objective of this work is to investigate the response of both NLCs and the
background atmosphere to variations in the 11-year solar cycle with increasing and
constant GHG concentrations. A Lagrangian ice particle transport model called the
Mesospheric Ice Microphysics and Transport Model (MIMAS) and atmospheric dy-
namics model Leibniz Institute Middle Atmosphere (LIMA) are the primary tools
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used in this study to understand the relationship between the solar cycle and NLCs
in detail. The MIMAS model has the advantage of considering the temporal and spa-
tial variability of the potential ice formation region. Combined with observations,
the modelling can contribute to a better understanding of the solar cycle response of
NLCs and the mesopause region. The main objectives of this work are following;:

* How does the formation of NLCs affect the H,O profile and their solar cycle
response at mesopause altitudes?

* How does water vapour at NLC altitudes respond to the temperature and pho-
tolysis variations caused by the solar cycle?

¢ What are the long-term trends in the vertical distribution of NLC properties?
How do solar cycle modulations influence them?

e Which NLC properties are influenced by the 11-year solar cycle, and how
strongly are they influenced?

* What impacts does a long-term increase in greenhouse gases have on the solar
cycle response of NLC properties?

* How significant will the absorption of solar radiation by NLCs be in a future
climate scenario with increasing CHy4?

This thesis mainly consists of the results of three publications, which are attached
in the appendix. Chapter 2 explains the modelling framework and the different
model simulations used in this study. Chapter 3 discusses the long-term trends in
NLCs and the background atmosphere based on previous studies. Chapter 4 sum-
marises the study Vellalassery et al. (2023) that examines the underlying mecha-
nism behind the solar cycle response of water vapour under NLC conditions and
an increasing greenhouse gas (GHG) scenario. Chapter 5 summarises the study Vel-
lalassery et al. (2024) on the long-term trends in NLCs and their response to the
solar cycle using LIMA/MIMAS long-term simulations for 1849-2021. Chapter 6
summarises the recent study Liibken et al. (2024), which investigates the extinction
of solar radiation by future NLCs and their significance. The final chapter discusses
the conclusions of this work and the outlook for future studies.






Chapter 2

Ice particle transport model
MIMAS

This chapter introduces the Lagrangian ice particles transport model MIMAS
(Mesospheric Ice Microphysics And Transport Model) and gives an overview of its
structure. First, the input parameters used in the MIMAS model are described. Then,
the microphysical processes incorporated in MIMAS are explained. The primary ap-
proach is to calculate the background atmosphere using the Leibniz Institute Middle
Atmosphere Model (LIMA). These calculated atmospheric dynamics, temperature,
density, and pressure are then input in MIMAS for NLC calculations. This integra-
tion makes it possible to analyse the spatial and temporal variability of NLCs (see
Figure 3.1.
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FIGURE 2.1: Sketch of the LIMA (green) and MIMAS (blue) models. Figure taken
from Vellalassery et al. (2023), Fig. 1.

2.1 MIMAS overview and input parameters

The MIMAS model was developed at the Leibniz Institute of Atmospheric
Physics (IAP) specifically to model ice particles in the MLT region (Berger and
Liibken, 2015). MIMAS calculates the NLC parameters starting from May 10 through
August 31, from mid to high latitudes (37-90°N) with a horizontal grid resolution of
1 degree of latitude and 3 degrees of longitude and a vertical resolution of 100 m
from 77.8 to 94.1 km. To perform ice calculations, MIMAS requires time-dependent
3D input parameters such as zonal, meridional, and vertical winds (u, v, w), as well
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as ambient temperature (T), air density (p), and air pressure (p) from LIMA (see Fig-
ure 2.1). Additionally, MIMAS includes an initial water vapour distribution (H,O)
and solar Lyman alpha (Ly«) flux as a proxy for solar activity.

2.1.1 Background atmosphere model LIMA

LIMA is a non-linear, global 3D Eulerian grid point model that extends from the
ground to the lower thermosphere (0 - 150 km) with a vertical resolution of 1.15 km.
It aims to describe the thermal structure of the polar mesopause region. It considers
the most important atmospheric processes, such as radiation, chemistry, and trans-
port, and is well described in several publications (e.g. Berger, 2008; Liibken et al.,
2013). The model uses a triangular horizontal grid structure with 41,804 grid points
in each horizontal plane (Ax ~ Ay ~ 110 km). The LIMA model in this study is
nudged up to an altitude of 45 km to reanalysis data from NOAA CIRES (National
Oceanic and Atmospheric Administration Cooperative Institute for Research in En-
vironmental Sciences, 20CR; Compo et al. (2011)). Up to an altitude of 35 km the
nudging coefficient is constant, then the nudging coefficient decreases linearly to
zero up to an altitude of 45 km; above this limit altitude the model can run freely
(Ltibken et al., 2013). Including reanalysis data sets provides a forcing in the lower
atmospheric layers and affects LIMA up to the middle atmosphere. The model sim-
ulations aim to obtain a homogeneous data set with a high temporal and spatial
resolution, which is suitable for calculating climatologies in LIMA.

The other inputs for the LIMA model include trace gas concentrations for ozone
and carbon dioxide, which influence temperature trends (e.g. Liibken et al., 2013).
The temporal and latitudinal variations in the stratosphere and lower mesosphere
for ozone are taken from the latest World Meteorological Organisation (WMO) re-
port for the period 1961-1978 (Douglass and Fioletov, 2011) and the Solar Backscat-
ter Ultraviolet (SBUV) satellite instrument for 1979-2021 (Liibken et al., 2013). Be-
fore 1961, stratospheric ozone was kept constant (according to 1961). The model’s
carbon dioxide (CO,) concentration is based on a monthly average time series from
1961 to 2019 measured at Mauna Loa (19°N, 155°W). Before 1961, historical CO, data
from Antarctic ice cores were used (Etheridge et al., 1998). In LIMA, the influence
of small-scale internal gravity waves is considered by a non-linear spectral gravity
wave parameterisation (Yigit and Medvedev, 2013). In addition, LIMA uses daily
Lya data from the Laboratory for Atmospheric and Space Physics (LASP) Interactive
Solar Irradiance Data Centre (LISIRD) as a representative measure of solar activity
from 1961 to 2021 (Machol et al., 2019). Before 1961, the monthly sunspot numbers
were used to approximate the Lya values.

The main chemical and radiation processes included or parameterised in the
model are as follows: Solar heating by oxygen and ozone absorption (Strobel, 1978),
photolytic absorption of Lya by O, according to Chabrillat and Kockarts (1998),
chemical heat from exothermic chemical reactions (Mlynczak and Solomon, 1993),
near-infrared (IR) carbon dioxide heating described by Ogibalov and Fomichev
(2003). Cooling rates are parametrised in different altitude regions depending on
the gas: HyO from 30 to 100 km (Zhu and Newell, 1994), ozone from 30 to 80 km
according to Fomichev and Shved (1988), carbon dioxide above 75 km (Fomichev et
al., 1998), and atomic oxygen and NOx in the lower thermosphere (Kockarts, 1980).
Further details on the LIMA model can be found in Berger (2008).
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LIMA mainly provides mesospheric dynamics and temperatures associated with
many measurements over a multi-year period. The main strength of these dynam-
ical fields is the seasonal and multi-year variabilities. For this reason, LIMA is
mainly used for trend analyses for mesospheric temperatures and noctilucent clouds
(Libken et al., 2009; Liibken and Berger, 2011; Liibken et al., 2013b).

2.1.2 Water vapour source and solar activity

MIMAS uses initial water vapour profiles that are constant at each pressure
level at the beginning. The water vapour profile was taken from the model simula-
tions of Korner and Sonnemann (2001), corresponding to an average of over 10 days
(Berger and Zahn, 2002). This profile is also used for simulations with the Commu-
nity Aerosol and Radiation Model for Atmospheres (CARMA) ice model, whereby
Wilms (2016) has described, among other things, that the water vapour profile fits
well with ground-based observations (Seele and Hartogh, 1999) and satellite obser-
vations (Hervig et al., 2009). Below the lower boundary of MIMAS, two processes
determine the mixing ratio of H,O in the stratosphere: (i) transport of H,O from
the troposphere and (ii) oxidation of methane (CH4). The oxidation of each CHy4
molecule produces two H,O molecules. Methane is almost completely converted to
HO in the mesosphere by photochemical processes (Liibken et al., 2018). Transport
of H,O from the troposphere has not changed on centennial time scales, whereas
variations in more recent decades are likely (Hegglin et al., 2014). MIMAS assumes
that the transport of H,O from the troposphere is constant. Therefore, the increase
in HyO is primarily due to (ii), i.e. the increase in CHy concentration (Liibken et al.,
2018). For more details on this parametrization of HyO from methane, see Liibken
et al. (2018). This mesospheric water vapour is transported by dynamic fields calcu-
lated by LIMA, distributed by turbulent diffusion and reduced by photodissociation
through the solar Ly« radiation.

LIMA and MIMAS use daily solar Ly« fluxes from the LISIRD as a proxy for solar
activity from 1961 to 2019 (Machol et al., 2019). Before 1961, the monthly sunspot
numbers were used to estimate the Lya values. Lya variations in LIMA are one of
the causes of atmospheric temperature variations, while Lya variations in MIMAS
cause the photolysis of Hy,O (see Figure 2.1). In LIMA, fluctuations of other bands,
namely the Chappius, the Huggins, the Hartley, and the Schumann-Runge continua,
are considered. The variations of these bands are parameterised using the Ly« values
according to Lean et al. (1997). More details of LIMA and their parameterisation
schemes are well described in publications (e.g.Berger, 2008; Liibken et al., 2013).

2.2 Microphysical processes

This section describes the microphysical processes of NLCs and how they are
implemented in the MIMAS model. The individual modules of the model include
the formation of ice particles and the redistribution of water vapour and dust parti-
cles, which serve as possible condensation nuclei (CN) for ice formation. They settle
due to gravity and consume the available water vapour on their way through the
atmosphere. During this movement, the particles are transported further by mean
winds (vertical and horizontal) and small-scale movements, i.e. waves and turbu-
lence. Once the particles have reached a size of more than 30 nm, they scatter light
so efficiently that they can eventually be observed with optical instruments on the
ground or in space (Rapp and Thomas, 2006).
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The main components essential for the microphysical processes included in MI-
MAS are described in the following sections. A more detailed description of the
microphysical processes involved in noctilucent clouds and their implementation in
MIMAS is well discussed in publications (Berger and Zahn, 2002; Zahn and Berger,
2003; Rapp and Thomas, 2006).
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FIGURE 2.2: Schematic representation of the formation, growth and sedimentation
of NLC and the redistribution of water vapour and dust particles, adapted from
Kiliani (2014).

2.2.1 Dust particles

The availability of dust particles, which can act as condensation nuclei (CN),
significantly influences the formation of ice particles. Aerosols from the tropo-
sphere and stratosphere are generally not transported into the mesosphere (Rapp
and Thomas, 2006), so all CNs at these altitudes are generated locally. Rosinski and
Snow (1961) were the first to suggest that when extraterrestrial meteoroids enter the
Earth’s atmosphere, a significant portion of them vapourise at 80-100 km altitude.
The trail of ablated material from these impacts could condense into tiny particles,
which can act as condensation nuclei for ice formation. The computer resources limit
the number of particles in a Lagrangian model: In MIMAS, 40 million dust particles
are available for microphysical processes, and they act as potential nuclei for ice par-
ticles in a supersaturated cold atmosphere. Each particle is a proxy for 7.4 x 10'® real
particles distributed over the model grid volume. The number density in MIMAS
is calculated by scaling the number of model particles by this factor (7.4 x 10'®) and
dividing by the grid volume.

Hunten et al. (1980) investigated the properties of these "meteoritic smoke parti-
cles" in detail and modelled their formation, including the processes of coagulation,
sedimentation and turbulent diffusion. The size distribution of the dust particles
in MIMAS is based on Hunten et al. (1980). At the beginning of a MIMAS simula-
tion, 40 million model CN sizes between 1.2 and 3.7 nm are assigned and discretised
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FIGURE 2.3: Schematic representation of meteoric dust in MIMAS, adapted from
Kiliani (2014)

into five bins with a width of 0.5 nm each. The distribution of the dust particles
among the individual classes is exponential and is as follows: 86.5 % (1.2-1.7 nm),
11.7 % (1.7-2.2 nm), 1.7 % (2.2-2.7 nm), 0.2 % (2.7-3.2 nm) and 0.02 % (3.2-3.7 nm). All
particles are randomly distributed at 55°-90°N and within a narrow altitude range
of 1 km around the mesopause (dust injection region). The dust initialisation as-
sumes a uniform distribution along latitudes, so the number of dust particles per
grid volume is the same. During the model simulation, all condensation nuclei are
transported with the wind field and sediment at a speed that depends on their size
and the background conditions, such as air density and temperature.

Due to the 3D transport, some dust particles reach the boundary of the model
domain. In this case, the dust particles are relocated randomly within the initial dust
injection region (see Figure 2.3). Two processes stabilise the dust particle distribution
shown in Figure 2.3. CNs transported equatorward of the 55° latitude circle and
located below 83 km or more than 1 km above the mesopause are considered outside
the potential ice nucleation region. These particles are then randomly relocated to
a new position >55° and within 1 km of the mesopause (the dust injection region).
This ensures a quasi-stable state where dust particles remain permanently available
for ice nucleation throughout the season.

2.2.2 Water vapour in the summer MLT region

Modelling water vapour formation in MIMAS requires a detailed description
of the chemical and dynamic processes. Due to this complexity, a parameterisa-
tion of water vapour formation is used in MIMAS. In the model, water vapour is
transported by the dynamic fields, spread by turbulent diffusion, and reduced by
photodissociation due to solar UV radiation (Fig. 3.1). The transport follows Wal-
cek’s advection algorithm (Walcek and Aleksic, 1998; Walcek, 2000). This algorithm
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adapts the initial climatology over 10 days to real tidal variations, starting the simu-
lation 10 days before the first ice formation. Furthermore, the redistribution of water
vapour through interaction with ice particles is taken into account using the advec-
tion algorithm (Berger and Zahn, 2002)

To simulate the flow of a chemical constituent such as water vapour on wind
fields, the tracer concentration must be transported within the model grid. For a
passive chemical tracer moving with velocity u in one dimension, this means solving
the continuity equation

dc. d(u-c)

ot ox

2.1)

where c is the concentration of the tracer or constituent. In addition to the ad-
vection with wind, the water vapour in MIMAS is continuously mixed by turbulent
eddy diffusion described by Fick’s second law

oc K 0%c

a Ko 22)

where K is the diffusion coefficient. In multiple dimensions, the general form
of the equation is & = K - VZc. Turbulent diffusion is isotropic, and its horizontal
component is significantly smaller than the vertical component due to the significant
differences in the model scales (approx. 100 km to 100 m). Therefore, only the ver-
tical diffusion (K;;) is explicitly implemented in MIMAS. The diffusion coefficient
K., was derived from rocket experiments with ionisation measuring devices over
Andoya in northern Norway for summer conditions (Liibken, 1997) and is time-
independent (Berger and Zahn, 2002). MIMAS uses K, values that are reduced to
25% of the values in Liibken (1997) to account for the turbulence intermittency (Kil-
iani, 2014). Despite the reduced K, values at the base of the NLC, diffusion is still
essential to compensate for the freeze-drying effect in which NLCs consume water
vapour in their region of formation. A potential latitude and time dependence of
K, is not considered, as this is currently unknown and requires a comprehensive
understanding of the process of gravity wave breaking that causes mesospheric tur-
bulence.

Water vapour at NLC altitudes is largely exposed to sunlight, which contains
much more short-wave UV radiation than in the troposphere. At wavelengths
shorter than about 200 nm, UV radiation can dissociate water molecules into a hy-
droxyl radicals (OH) and atomic hydrogen in a process known as photodissociation.
These hydroxyl radicals can then participate in various atmospheric chemical reac-
tions, affecting the composition and chemistry of the atmosphere. Photodissociation
of water vapour is an important process in atmospheric chemistry, particularly in
the upper atmosphere where solar UV radiation is more intense. Most solar UV ra-
diation is absorbed by oxygen in the thermosphere, but the Ly« radiation is intense,
less attenuated, and penetrates into the mesosphere. Lya radiation is the primary
cause of HO photolysis and varies by a factor of two between solar minimum and
maximum (Woods et al., 2000). Since NLCs are very sensitive to water vapour con-
centration, the variations in H,O photolysis during a solar cycle significantly affect
the properties of NLCs (Liibken et al., 2009). The reduction of water vapour is ex-
pressed in the model by the photodissociation rate of water vapour through the so-
lar Ly« flux (see Berger and Zahn, 2002). The solar cycle also affects NLCs through
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indirect mechanisms: Increased UV absorption by molecular oxygen increases tem-
peratures in the mesosphere and thus influences the formation of NLCs.

The growth of NLC leads to dehydration at higher altitudes (83-89 km), as ice
particles form by consuming background H,O, while the sublimation of these ice
particles leads to hydration at lower altitudes (about 78-83 km) (Liibken et al., 2009;
Hervig et al., 2003). This phenomenon is known as the "freeze-drying" effect.

2.2.3 Particle nucleation, growth and transport

A region supersaturated with water vapour is required for water vapour to nu-
cleate around meteor smoke particles, which are the building blocks of NLCs. The
degree of saturation of air with water vapour is calculated as S = p;: feo , where pp,0 is
the HyO partial pressure (cp,0 - Patm) (Where cq,0 is the water vapour mixing ratio),
and P is the saturation vapour pressure over a flat ice surface. An environment
with a value S > 1is supersaturated, which means that ice particles can grow under
these conditions, while S < 1 is subsaturated and leads to sublimation of the ice

particles.

Ice particles may form in the mesosphere through heterogeneous nucleation
around meteoric dust and homogeneous nucleation (Murray and Jensen, 2010).
Homogeneous nucleation requires extremely high supersaturation (S > 1000).
Sugiyama (1994) suggested nucleation by ion recombination as an additional pro-
cess, but Gumbel et al. (2003) noted that, although it could occur under certain cir-
cumstances, it probably does not play a significant role in nucleation. Heterogeneous
nucleation, highlighted by Gadsden (1982) and Turco et al. (1982), is considered the
most important process in forming NLC. Hence, this is the only nucleation mecha-
nism integrated into MIMAS (Berger and Zahn, 2002).

To calculate the degree of saturation (S), we need a formula for the saturation
vapour pressure over a plane ice surface (pice). At mesosphere temperatures, pice
is hardly known, as only a few direct measurements are available. The saturation
vapour pressure over a flat ice surface (pjce) is calculated in MIMAS using the for-
mula according to Murphy and Koop (2005):

_ 5723.265 _
9.550426 7 +3.53068 log T, —0.00728332T), (2.3)

Pice = €

where T), is the temperature of the ice particles, which is higher than the tem-

perature of the ambient air because the ice particles are heated by the absorption

of solar or terrestrial infrared light (Eidhammer and Havnes, 2001). The following

relationship expresses the temperature difference between the ice particle and the
environment:

AT =T, T

2.4
a - Najr ( )

where r is the particle radius, and 7, is the number density of air (Rapp and
Thomas, 2006). The accommodation coefficient (a) describes the efficiency of ther-
mal energy transfer from the ice particle to the ambient air and is between 0 and 1
(Rapp and Thomas, 2006). It is currently a little-known parameter and has yet to be
proven experimentally or theoretically. In MIMAS, a value of a2 = 0.5 is assumed for
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the accommodation coefficient (Kiliani, 2014), and, thus, a moderate energy transfer
from the ice particle to the air molecule.

A degree of saturation (S) of 1 is insufficient for a meteor dust particle to form
a layer of ice (i.e. heterogeneous nucleation). Because the surface tension of small
particles, causing an increase in pressure within the particle (Laplace pressure), ac-
celerates the droplet’s evaporation, and this dependence of the saturation pressure
on the particle radius is known as the Kelvin effect:

2m N
Psat(r) = Pice - €Xp <kB'%jO'P"’> (2.5)

where my,0 = 2.99 x 102 kg is the molecular mass of water, p = 932kg/m’
the density of ice, kg = 1.3085 x 1023 JK~! is the Boltzmann constant, and ¢ is the
surface tension of the interface between ice and water vapour (Tolman, 1949). For
nanometer-size spherical ice particles, ¢ is

Ooo
T

where § = 1.5 x 1071 m is an empirical factor (Turco et al., 1982) and 0 is the
surface tension over a flat ice surface according to Hale and Plummer (1974). This
surface tension is defined as follows:

O =0141 —15x107*- T (2.7)
when the degree of saturation S = £ S becomes greater than P=lr) 5 conden-
sation nucleus of radius r transforms into an ice particle. MIMAS does not consider
condensation nuclei with a radius of less than 1.2 nm due to the very low probability
of ice formation and to avoid unnecessary calculations.

The growth rate of ice particles in the mesosphere is provided by Hesstvedt
(1961):

dr

ar _ & [ MHo . =& /Mo _
dt_pm psat(r) - (S(r) — 1) Pm (P00 — Psat(r)) (2.8)

A condensation coefficient of « = 0.83 (Gadsden and Schroder, 1989) explains
how probable a water molecule will stick to an ice crystal when they collide. If
Psat(7) exceeds pH,0, the rate becomes negative, which means that the particle starts
to sublimate.

Ice/dust particle motion in MIMAS is a combination of advection, sedimenta-
tion and turbulent diffusion. Only advection applies for horizontal motion, and sed-
imentation and eddy diffusion are important for vertical motion. The sedimentation
velocity depends on the radius of the ice particle and the density and temperature
of the surrounding air. Sedimentation velocity (ws) for the dust and ice particles is
derived from Reid (1975):
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where g is the acceleration due to gravity for the mesosphere is given as 9.55m /s’
(Berger and Zahn, 2002), and p = 932kg/ m? is the density of ice. mam = 4.845 X
10726 kg is the molecular mass of air, and 71,um is the number density of air molecules
per m>. Note that the equations provided for nucleation, growth, and sedimentation
of particles are based on the assumption that the particles are spherical. (Kiliani,
2014). Ice shapes such as plates or needles can influence the sedimentation velocity,
the growth rate, the Kelvin effect and brightness (e.g. Kiliani, 2014; Baumgarten,
2001; Turco et al., 1982). There are currently only a few studies on non-spherical
particles in the mesosphere (Kiliani, 2014). Furthermore, the physical mechanism
behind the non-spherical growth is currently unknown and could be due to the ice
crystal structure or the charge of the ice particles (Wilms, 2016). Due to these un-
certainties and a significantly higher computational effort for the microphysics and
light scattering by non-spherical particles, the calculations in MIMAS are performed
by assuming spherical particles.

Ice and dust particles are also affected by eddy diffusion. Like for water vapour
(section 2.2.3), only vertical diffusion is considered in MIMAS because the horizon-
tal component has a minor effect on NLC. Mixing scales in the upper mesosphere
typically range from 10 to 100 meters, while turbulent velocities peak at several me-
ters per second at altitudes of 90 kilometres (Liibken, 1997). The transport processes
of ice and dust particles implemented in MIMAS are well described in publications
(Berger and Zahn, 2002; Zahn and Berger, 2003).

2.3 Model output and numerical experiments

The main output of the model is the trajectories of 40 million dust and ice par-
ticles (see Figure 2.1). In addition, the model calculates various properties of the
ice particles, including brightness, number density, radius, ice water content (IWC),
extinction coefficient for different wavelengths, etc. Various model simulations are
carried out to achieve the objectives discussed in Section 1.3.

As discussed earlier, NLCs are significantly influenced by the solar cycle as it
affects water vapour and background temperature. When NLCs are present, the
solar cycle influences the water vapour concentration in the upper mesosphere in
two ways: directly through photolysis and indirectly through temperature changes.
These temperature changes impact NLC formation, thereby influencing freeze-
drying and affecting HO levels at the time and location of NLC formation. Lya
variations in LIMA cause atmospheric temperature variations, while Lya variations
in MIMAS cause photolysis of H,O. Therefore, it is possible to study the effects of
the solar cycle on H>O due to temperature changes and photolysis separately by per-
forming model simulations with constant and varying Lya in MIMAS and LIMA.
Four model runs were conducted for this study, as described in Table 2.1. For runs
E, F and G, LIMA and MIMAS model simulations with constant CO, and CH4 were
performed to filter out the effects of GHGs on temperature and water vapour vari-
ations. Further details on these model runs are discussed in Section 4 (summary of
Vellalassery et al. (2023), see Appendix A).
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LIMA MIMAS Water vapour

Model run solar cycle
response

affected by

Lya
CO, | LyaTeffect | CHy | photolysis effect

-Temperature
change(Lya
A 1 1 1 1 +COy)
-Photo
dissociation
-varying CHy
(H>O source)
-Temperature
© © change
E 1997 ! 1997 ! Photo
dissociation
. o o R - Temperature
1997 ! 1997 1997 change
o o o - Photo
G 1997 | 1997 | 1997 ! dissociation

TABLE 2.1: MIMAS simulations carried out under different background conditions.

The horizontal arrow stands for constant values for the respective year, and the

vertical arrow stands for varying parameters. The effect of solar Lya variations on
H,O is shown for each run in the last column

To investigate the impact of increasing GHG emissions on the response of NLCs
and the background atmosphere to the solar cycle, MIMAS model simulations were
performed for years from 1849 to 2021 (covering 15 complete solar cycles) for three
different scenarios based on constant and varying GHGs. Three model runs are car-
ried out for this study, namely run A, B, and C. In run A, both CO; and CH4 (H,O)
increase. In run B, only the CO, concentration increases, while the CH4 concen-
tration remains constant. In run C, the CH, concentration increases while the CO,
concentration remains constant.

In this thesis, the following symbols refer to these model scenarios: CO, 1, CHy 1
for Run A; CO;, 1, CHy <« for Run B; and CO; <+, CHy 71 for Run C. This work mainly
concentrates on the core of the NLC season, the month of July, and on three latitude
bands, namely 58 £ 3°N, 69 £ 3°N, and 78 4 3°N, which are labelled as ‘'middle’,
"high’, and “arctic’ latitudes.

The increase in NLC brightness caused by the rise in greenhouse gases (GHGs)
will presumably absorb more solar radiation in the future. To study this, we consider
run C, i.e., only the increase in methane (which is the primary factor that causes in-
creasing brightness and IWC in NLCs), with temperatures and dynamics remaining
constant. The future methane development in this simulation is based on the (IPCC
Fourth Assessment Report (AR4)). More specifically, based on the Representative
Concentration Pathway 8.5 (RCP 8.5) scenario described in Riahi et al. (2011). This
scenario was chosen because it represents the maximum increase in methane; nev-
ertheless, last year’s increase shows that RCP 8.5 is closer to reality than other IPCC
future scenarios.
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FIGURE 2.4: Time series of CO, and CH, concentrations used in the model runs
(1849-2019). Figure taken from Vellalassery et al. (2024), Fig. 1.
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FIGURE 2.5: Time series of CHy concentrations used in the model runs including
future CHy projections taken from IPCC AR4 (red). Figure taken from Liibken et al.
(2024), Fig. 1.
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Chapter 3

Trends in NLCs and background
atmosphere

This chapter briefly discusses the trends in the background atmosphere and NLCs
based on previous model studies using LIMA /MIMAS and different observations,
including satellites and ground-based measurements. Long-term trends in tempera-
ture and background water vapour at NLC altitudes are briefly discussed in Section
3.1. Long-term trends in NLCs and the impact of increasing CO, and CH4 emissions
are discussed in Section 3.2. The influence of the 11-year solar cycle on NLCs, based
on various observations and models, is presented in Section 3.3.

3.1 Long-term trends in temperature and water vapour

Mesospheric temperature trends have been increasingly studied in recent years
due to significant evidence of larger trends than the troposphere and stratosphere
(Berger and Liibken, 2011; Liibken et al., 2013). Very little is known about tem-
perature trends in the summer mesopause region, and no significant progress has
been made, especially in the high-latitude summer mesosphere (Liibken et al., 2018).
Roble and Dickinson (1989) suggest that increasing GHGs cool the middle atmo-
sphere due to increased infrared emissions into space. Following their study, im-
proved modelling has helped to investigate the main factors driving these trends,
in particular the increase in GHGs (e.g. Akmaev et al., 2006; Schmidt et al., 2006;
Garcia et al., 2007). Several recent reviews have summarised the observations and
theoretical understanding of these trends (e.g. Beig, 2011, Lastovicka, 2013, Liibken
etal., 2011, and Liibken et al., 2013).

Satellite observations of stratospheric temperature began in 1970 with strato-
spheric sounding units (SSU), which provide the global decadal data set for trend
analyses in the upper stratosphere (Randel et al., 2009). For the mesosphere, how-
ever, there are no direct satellite temperature observations on a multi-decadal time
scale (Berger and Liibken, 2011). Also, the uncertainties in mesospheric temper-
ature are larger, and there are discrepancies between observations and modelling
(Beig et al., 2003). The measurements based on the reflection height of radio waves
performed since 1959 at 82 km altitude are the longest available data sets in the
mesopause based on active soundings. It shows a decrease of 1.5 km in the reflec-
tion height in the last 50 years (Bremer and Berger, 2002; Bremer and Peters, 2008).
Many studies based on model simulations show that increasing GHGs cause a cool-
ing in the middle atmosphere (e.g., Akmaev et al., 2006; Schmidt et al., 2006; Garcia
et al., 2007). Akmaev et al. (2006) investigated these effects from 1980-2000. In the
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summer hemisphere, they find a maximum trend of about -2 K/decade in the meso-
sphere. This is generally consistent with model results, especially since the trends in
1980-2000 are somewhat larger compared to the entire period considered in LIMA
(see Figure 5 in Liibken et al., 2013).

Berger and Liibken (2011) investigated the temperature trends in the mesosphere
at mid-latitudes in summer using LIMA simulations for 1961-2009. They have com-
pared the simulated temperature trends with observations, such as satellite mea-
surements, radio wave reflection height measurements, and lidar observations. The
study found an excellent agreement between temperature trends from LIMA and
observations. It shows that the temperature trend in the mesosphere is ~10 times
larger (2-3 K/decade) and opposite (cooling trend) compared to global mean tem-
perature trends at Earth’s surface (+0.2 K/decade). The temperature trends compar-
ison between an earlier version of LIMA with the global circulation model WACCM
(Whole Atmosphere Community Climate Model) for a shorter period also shows
good agreement (Garcia et al., 2007; Liibken et al., 2013). The height profiles of long-
term temperature trends calculated by LIMA are consistent with lidar measurements
at the Observatory of Haute-Provence in southern France (44°N) in summer (com-
pare Figure 10a in Keckhut et al. (2011) to Figure 1b in Berger and Liibken (2011)). It
is important to note that the temperature trends at geometric heights are generally
larger and drastically different from those at constant pressure levels.

Liibken et al. (2018) analysed the temperature trends from LIMA for a fixed ge-
ometric height and mean pressure level (see Figure 3.1) for 138 years from 1871 to
2008. This mean pressure (Pmean = 5.962 X 10710 hPa) is given by the mean value
of all 138 mean pressure levels of the maximum NLC backscatter (brightness). The
temperature has decreased by 7 K since 1871 at a fixed geometric altitude of 83 km,
but not significantly at a fixed pressure level. This is because increased CO; leads
to cooling in the stratosphere and lower mesosphere (Roble and Dickinson, 1989;
Garcia et al., 2007; Berger and Liibken, 2011; Liibken et al., 2013; Marsh et al., 2013).
At NLC altitudes, this cooling leads to a decrease in the altitude of constant pressure
level, referred to as the shrinking effect (Liibken et al., 2009). Due to the negative
temperature gradient at NLC altitudes, this shift causes apparent cooling at geomet-
ric altitudes. The temperature decrease in fixed geometric height (83 km) was about
-1.7 K from 1871 to 1960 and became -5 K from 1960 to 2008 due to an accelerated
increase in CO; emissions after 1960. Generally, trends at geometric heights larger
than at constant pressure levels are explained by atmospheric shrinking ( Berger and
Liibken, 2011; Liibken et al., 2021). Temperatures at fixed pressure levels near the
NLC layer remain almost constant across all latitudes, indicating minimal temper-
ature changes at NLC altitudes, while significant cooling occurs at the lower meso-
sphere (Berger and Liibken, 2015). Reviewing previous studies shows that about
66% of the cooling observed in the model at NLC altitudes (about 83 km) is due to
atmospheric shrinking, while the remaining percentage is caused by direct radiative
cooling associated with the increase in CO, levels (as shown in a comparison be-
tween Figure 11 in Liibken et al. (2013) and Figure 14 in Berger and Liibken (2015)).

Water vapour is one of the key minor constituents in the middle atmosphere,
and it is the primary source of chemically active hydrogen radicals, influencing the
chemistry of all other chemically active minor constituents (Brasseur and Solomon,
2005; Hartogh et al., 2010). Water vapour trends at high latitudes have indicated that
there has been an overall increase in water vapour concentrations in the mesosphere
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FIGURE 3.1: Time series of (b) temperature at a fixed geometric height (83 km) as a
dotted line and at constant pressure level (5.962 x 10~ hPa: mean pressure of NLC
maximum brightness height) as a solid line; (c) mixing ratios of gas phase water
vapour at Pmean (assuming that ice formation had not occurred) for Runs A and B.
Note that HyO values for Runs A and C are identical. In panels (b) and (c), linear fits
for Run A are shown for the periods before (1) and after () 1960, respectively.
The slopes are listed in the inserted legend. Figure taken from Liibken et al. (2018),
Fig. 1.

and upper stratosphere over time (Hartogh et al., 2010). As mentioned earlier, ob-
servations of water vapour at mesospheric heights are relatively limited compared
to lower layers of the atmosphere. However, combined observations and improved
modelling capabilities are helping to improve our understanding of water vapour
trends in this critical atmospheric region.

Using model simulations, Grygalashvyly and Sonnemann (2006) investigated
the impact of increasing methane concentration (mainly oxidised to water vapour in
the middle atmosphere) on the water vapour distribution at higher latitudes. They
found an expected increase in water vapour in the middle atmosphere, but with a
certain time lag of some years, due to the long transport time of all components
through the middle atmosphere and the long chemical lifetime of methane. These
factors have been incorporated into MIMAS to model water vapour concentrations
using a parametrisation discussed by Liibken et al. (2018) (see section 2.1.2).

Considering the effects of increasing methane, the mixing ratio of water vapour
has increased by around 0.15 ppmv/decade since 1960 (Liibken et al., 2018, see Fig-
ure 3.1). The total increase is about 40% since 1871 (approximately 1 ppmv), which
is entirely caused by increased methane oxidising to H,O. Few observation-based
studies on water vapour trends in the summer mesopause region at middle latitudes
are available (e.g., Hervig et al., 2016a; Remsberg et al., 2018). Observations from the
Solar Occultation For Ice Experiment (SOFIE) on board NASA’s Aeronomy of Ice
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in the Mesosphere (AIM) satellite (Figure 6d in Hervig et al., 2016b) show that the
H,O mixing ratio has been around 4 ppmv in recent years, which is consistent with
MIMAS, as shown in 3.1c. The latest study by Remsberg et al. (2018) shows a water
vapour trend of approximately 5% per decade at 52.5°N and 80 km, corresponding
to ~0.175 ppmv/decade, which is consistent with the trends calculated in MIMAS
(~0.15 ppmv /decade) shown in Figure 3.1c.

3.2 Long-term trends in noctilucent clouds

NLCs were first observed in 1885, two years after the major volcanic eruption
of Krakatoa (e.g. Backhouse, 1885), which injected huge amounts of H,O, dust and
large quantities of minor constituents into the atmosphere. The sudden appearance
of NLCs in 1885 seems to be related to the eruption of Krakatoa (Schroder, 1999). An
analysis of NLC data from the Arctic Lidar Observatory for Middle Atmosphere Re-
search (ALOMAR) shows noticeable trends since 1998. The study shows increased
occurrence and brightness of NLCs during the observation period (Fiedler et al.,
2016). NLCs are proposed as an indicator of atmospheric change in the mesopause
region (Thomas, 1996) primarily because they are supposed to respond to increas-
ing methane and carbon dioxide. As mentioned, one methane molecule undergoing
oxidation in the stratosphere and stratopause produces two H>O molecules.

Berger and Liibken (2015) used the MIMAS ice model to investigate the trends
of NLCs in response to long-term changes in mesospheric temperatures and water
vapour in the northern high latitudes for the summer period 1961-2013. The model
simulations show increased occurrence, brightness and ice water content IWC) of
NLCs. The trends in the overall seasonal mean IWC are different at different lat-
itudes. While no significant trend is observed in the mid-latitudes (50°N-55°N),
highly substantial trends of 6.5-6.7 g km™/decade are observed in the latitude band
of 74°N-82°N in the period from 1961 to 2013. The validation of the model with the
SBUYV satellite observations constituting the longest systematic NLC data set avail-
able (1979 to present) shows good agreement with a threshold in ice water content
(IWC > 40 g km™2) within the band from 74°-82°N latitude. Both model and SBUV
data showed an increase in ice water content in the 74°-82°N latitude band with
significant IWC trends of 2.8 + 2.1 g km™/decade and 2.4 + 2.0 g km™ /decade, re-
spectively (Berger and Liibken, 2015). The study proves that the microphysical ice
model MIMAS is a valuable tool for analysing long-term changes in various NLC
parameters such as ice water content (IWC), frequency of occurrence, brightness
and altitude (Berger and Liibken, 2015). The Solar Occultation for Ice Experiment
(SOFIE) instrument on the Aeronomy of Ice in the Mesosphere (AIM) satellite has
been observing the mesosphere since 2007 to provide a basis for understanding PMC
variability (Russell et al., 2009). The SOFIE/ AIM instrument measured a mean value
of IWC about 59 g km™ at mid-latitudes in July 2015, using a threshold value of IWC
> 40 g km™ (see Figure 3 in Hervig et al., 2016b). This perfectly agrees with the IWC
values from MIMAS, namely INC 58-59 g km™? (Figure 3c in Liibken et al., 2018),
using the same threshold.

Liibken et al. (2018) investigated the long-term development of noctilucent
clouds and the influence of increasing greenhouse gases such as CHy and CO, us-
ing the MIMAS simulations for 1871-2008. Three different MIMAS simulations were
performed based on different greenhouse gas conditions, providing model runs: (A)
CO; increasing, CHy increasing (CO, 1, H>O1); (B) CO; increasing, CHy4 constant
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(CO2 1, CHy «»); and (C) CO; constant and CHy increasing (CO; «+, HoO1). The
study shows that increasing H>O caused by increasing CHj is mainly responsible for
the increase in NLC brightness and IWC, while CO, increase alone mainly caused
the downward shift of NLC layers in geometric height, which is attributed to at-
mospheric shrinking. The rate of decrease in NLC heights is consistent with the

long-term observations of radio wave reflection heights since 1959 (see Figure 2a in
Berger and Liibken, 2011).

3.3 Solar cycle response in noctilucent clouds

The 11-year solar cycle affects the upper atmospheric temperature and water
vapour concentration, consequently affecting NLCs (see the 11-year cycle in tem-
perature and HyO in Figure 3.1). Numerous studies have been conducted on the
relationship between the 11-year solar cycle and the properties of NLC (e.g., De-
Land et al., 2003; Hervig et al., 2016b; Hervig and Siskind, 2006; Hervig et al., 2019;
Siskind et al., 2013). NLCs are predicted to decrease during solar maximum due to
increased heating and photolysis of H,O (Garcia, 1989). Thomas et al. (1991) used
observations from the Nimbus-7 SBUV instrument to demonstrate a solar activity
dependence in NLC frequency. The 23 years of SBUV data confirm the inverse re-
lationship between the frequency of NLC occurrence and solar activity, which was
previously only observed in the NLC time series. The variations in temperature,
water vapour, and NLCs due to solar cycle activity were confirmed by Upper At-
mosphere Research Satellite (UARS) observations during solar cycle 22 (Hervig and
Siskind, 2006). Previous studies using SBUV data have shown an increase in the
frequency of the occurrence of NLCs in an anti-correlation with solar activity (Shet-
tle et al., 2009). Studies on the NLC trend using the MIMAS model also predict a
strong response to the solar cycle in NLCs, T and H,O after 1979 (e.g. Berger and
Liibken, 2015; Liibken et al., 2009; Liibken et al., 2018). However, some recent stud-
ies (Fiedler et al., 2011; DeLand and Thomas, 2015; Hervig et al., 2016b; and Siskind
et al. (2013)) reported that the response of NLCs to the solar cycle has been absent
since 2002. A recent study based on satellite observations (Hervig et al., 2019) found
that NLCs showed a clear anti-correlation with the solar cycle before 2002 and that
this response has been absent in recent years. The study suggests that the main
reason for this absence is the suppression of HyO’s response to the solar cycle after
2005. The analysis of the H,O time series in Hervig et al. (2019) was conducted by
averaging the H,O concentration between 80-85 km, where the water vapour con-
centration is largely influenced by the microphysical processes of noctilucent clouds
(NLCs), including the freeze-drying effect. Due to the coarse vertical resolution of
satellite observations (between 1.5 km and 3 km), there is an increased risk of bias,
especially when averaging the H,O concentration at NLC altitudes. Therefore, they
recommended further verification of these results by using microphysical ice models
with high vertical resolution.

As mentioned in the objectives of this thesis, we utilised our LIMA/MIMAS
model simulations to mainly investigate the solar cycle response in the NLCs and
the background atmosphere on centennial timescales. The next three chapters are
the summary of research articles, which answer the questions raised in the objectives
of this thesis. In the following chapter, we discuss the underlying mechanism behind
the H,O solar cycle response at NLC altitudes with a particular focus on the recent
2 solar cycles (solar cycles 23 and 24) to investigate the missing response of H,O
discussed in Hervig et al. (2019).
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Chapter 4

Solar cycle response of water
vapour and noctilucent clouds

Summary of:

Ashique Vellalassery et al. (2023). “Greenhouse gas effects on the solar cycle re-
sponse of water vapour and noctilucent clouds”. In: Annales Geophysicae 41.2,
pp- 289-300. ISSN: 14320576. DOI: 10.5194/angeo-41-289-2023

Water vapour (H,O) is a critical minor component in the mesosphere, serving as
the main source of chemically active hydrogen radicals. These radicals play a major
role in the chemical dynamics of other minor chemical components (Brasseur and
Solomon, 2005; Hartogh et al., 2010). Understanding the effects of the solar cycle on
H,O is even more complicated at NLC altitudes due to the interaction between NLCs
and background H,O. In Vellalassery et al. (2023), the responses of water vapour
and NLCs to the solar cycle are investigated using the MIMAS model. The solar
cycle influences the H,O concentration in the upper mesosphere in two main ways:
through photolysis and, at the time and place of NLC formation, indirectly through
temperature changes. LIMA and MIMAS use daily Lya flux data obtained from the
Laboratory for Atmospheric and Space Physics (LASP) Interactive Solar Irradiance
Data Centre (LISIRD) to represent solar activity from 1961 to 2021, as described in
the study by Machol et al. (2019). Changes in the Lya input (and other spectral
bands) in LIMA lead to variations in atmospheric temperature. On the other hand,
fluctuations in the Lya input in MIMAS lead to changes in the photolysis of H,O
(see Figure 2.1). This allows for studying the effects of temperature changes and
photolysis on H,O separately. This separation is achieved by performing model
simulations with constant and varying Lya inputs in MIMAS and LIMA ( see Table
2.1).

The main aim of this study is to answer the following questions: (1) how does
the formation of NLCs and increasing greenhouse gases influence the H,O profile
and its response to the solar cycle? (2) How do the temperature and photolysis
changes induced by the solar cycle affect H,O and NLCs? (3) Why is the response of
water vapour to the solar cycle nearly absent in the satellite observations reported
by Hervig et al. (2019) after 2005?

This study focused mainly on two recent solar cycles from 1992 to 2018 on the
core NLC period, i.e., July at latitude 68 + 3°N. Figure 4.1 illustrates the time series of
Lya, CO;, and CHy from 1992-2018. It shows that the intensity of Lya radiation has
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decreased in the later period compared to the earlier period. At the same time, the
concentrations of greenhouse gases (GHGs) have increased in the later period. The
amplitude of the Lya variation is weaker during the late period (1.14 x 10! [phot.
cm~2 s~ 1] per solar cycle) than during the early period (1.85 x 10! [phot. cm =2 s7!]
per solar cycle). This means that the intensity of Lya during the late solar maximum
is reduced by 40% compared to the early cycle.
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FIGURE 4.1: Time series of solar Lyx, CO,, and CHy4 for 1992-2018. The corre-

sponding Lya, CO,, and CHjy values for the solar cycle maximum and minimum

years used for this study are marked. The CO, and CH, values for run A are repre-

sented by dots, and for run E, they are represented by crosses. The study period is

divided into period 1 as early (1992-2005) and period 2 as late (2005-2018). Figure
taken from Vellalassery et al. (2023), Fig. 2.

First, the agreement of the model with the satellite observations is evaluated by
comparing the anomaly of ice water content (IWC) derived from the model with the
satellite data (see Figure 4.2). The INC anomalies are calculated using the following
method:

IWCu1y — IWCi981-2018

TWCanom = 100% - —— e
anom IWC1981-_2018

(4.1)

IWCy1y represents monthly zonal averages at 68°N, and IWCjgg;_2018 are the
averages of IWCj, over the years 1981-2018. The satellite observations of IWC
anomalies come from the Solar Backscatter Ultraviolet (SBUV), Halogen Occultation
Experiment (HALOE), Cloud Imaging and Particle Size (CIPS), and Solar Occulta-
tion For Ice Experiment (SOFIE) instruments. We refer to Hervig et al. (2019) for
more details on the satellite datasets.

In Figure 4.2, an anti-correlation exists between the MIMAS IWC anomalies and
the Lya flux throughout the period (1981-2018), with a weaker response observed in
the later years which can be attributed to reduced solar maximum intensity during
the later solar cycle. Among satellite observations, SBUV measurements also show
an anti-correlation with the Lya flux until 2005, after which the response weakens,
consistent with MIMAS. The solar cycle-induced IWC anomaly observed in HALOE
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also agrees well with the MIMAS IWC anomaly. However, the INC anomalies ob-
served in CIPS and SOFIE after 2005 do not show a clear response to the solar cycle.
In addition, the year-to-year IWC variation in CIPS and SOFIE is larger than the
modulation observed during a solar cycle. Previous studies (Liibken et al., 2009;
Berger and Liibken, 2015; Liibken et al., 2018; Liibken et al., 2021) have shown a
robust agreement between the NLC parameters derived from MIMAS simulations
and the parameters obtained from satellite observations.

MIMAS vs Satellites
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FIGURE 4.2: Time series of anomalies of the mean ice water content IWC) in July at

68°N from model and satellite data, based on Hervig et al. (2019). The anomalies for

each data set are calculated as a deviation from their long-term mean. To reduce the

year-to-year variability, the time series of SBUV and HALOE are smoothed using a

moving average method with a window size of 3. The modulation of the Lya solar

cycle is shown in the bottom panel. Figure taken from Vellalassery et al. (2023), Fig.
3.

Additional model simulations were performed to determine the separate ef-
fects of solar cycle-induced temperature and photolysis variations on water vapour,
namely runs E, F, and G, as described in Section 2.3 (see Table 2.1). In run F, the H,O
concentration is only affected by the temperature change caused by the solar cycle.
In run G, only the photolysis variations of the solar cycle affect the H,O concentra-
tion, and in run E, both effects are present. All these simulations are performed with
constant greenhouse gas concentrations (CO, and CHy) to mitigate their influence
on the temperature and H,O profiles.

Run F (Figure 4.3a) shows a positive temperature difference (red line) between
solar maximum and minimum, which indicates that the temperature during the so-
lar maximum is higher than during the solar minimum over the entire altitude range
(79-97 km). The temperature difference is between 0.5 and 1.7 K, with the peak oc-
curring at 95 km. During the solar maximum, the increased solar radiation leads to
increased absorption in the mesosphere and lower thermosphere (MLT) by molecu-
lar oxygen and water vapour, which increases the temperature of the surrounding
atmosphere. As altitude decreases, the temperature differences become smaller, as
the intensity of solar radiation decreases due to absorption by molecular oxygen and
water vapour. The difference in the H,O profiles is different for the model run with
NLCs (blue line) and without NLCs (yellow line). Without NLCs, the difference
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FIGURE 4.3: The HyO and temperature profile difference between solar maximum

(2002) and minimum (1997) for July mean. The blue and yellow lines represent

NLC and non-NLC conditions. CO, and CHy4 values are constant in all cases, cor-

responding to 1997. (a) Run F: only temperature change effects on H,O. (b) Run G:

only photolysis change effect on H,O. (c) Run E: temperature change and photoly-
sis change effects on H,O. Figure taken from Vellalassery et al. (2023), Fig. 5.

remains close to zero at all heights, which indicates that without NLCs, the temper-
ature changes alone have very little or no effect on the H,O profile. With NLCs, the
difference in the H,O profile is positive between 82-87 km altitudes and slightly neg-
ative between 79-82 km. This is because, during the solar maximum, the increased
warming of the background atmosphere leads to a decrease in the rate of ice forma-
tion. When the ice formation rate decreases, the water vapour consumption from
the background decreases. Consequently, more H,O is retained in the background
during solar maximum when compared to solar minimum. This leads to a slightly
positive response at altitudes above 83 km, where NLCs form. Below this altitude,
the slightly negative response is due to the reduced ice formation during the solar
maximum. This leads to a reduced release of H,O at the altitudes of ice sublimation.

In model run G (Figure 4.3b), we consider only the effect of solar-cycle-induced
Lya variation on water vapour photolysis. The background temperature is held con-
stant. Without NLCs (yellow line), the difference in the H,O profile is negative at all
altitudes, indicating a decrease in background H,O during solar maximum due to
increased photolysis. With NLCs (blue line), the difference in H,O profile is essen-
tially negative at ice sublimation altitudes (below ~83 km) and negligible at higher
altitudes (above ~83 km). This is due to the redistribution of the H,O during NLC
formation (freeze-drying). During solar maximum, the amount of background H,O
available for ice formation is reduced due to increased photolysis. Previous studies
(Zahn et al., 2004; Liibken et al., 2009) also suggested that freeze-drying significantly
reduces the potential effects of Lya photolysis on H,O above 82 km, where ice for-
mation occurs. On the other hand, the effect increases at altitudes of 80-82 km, where
ice particles sublimate.
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Figure 4.3c shows a combination of both effects, namely the solar cycle-induced
temperature change and the photolysis effects on H,O. Without NLCs (yellow line),
the H,O profiles show a negative difference at all altitudes, indicating a decrease in
the H,O profile during solar maximum across all altitudes, primarily due to photol-
ysis. With NLCs (blue line), the combined influence of temperature and photolysis
leads to a slightly positive response to water vapour in the ice formation region
(83-89 km) and a negative response in the ice sublimation region (80-83 km). The
slight positive response is attributed to temperature variations, while the negative
response is mainly due to photolysis fluctuations during the solar cycle.

The results suggest that the water vapour response to the solar cycle is affected by
freeze-drying under NLC conditions. At altitudes where NLCs form, it is possible to
observe positive correlations between water vapour and Lyx. Without NLCs, H,O
only shows a negative response to the solar cycle. As far as we know, this is the first
finding of a positive correlation of water vapour to Lya variations in the MLT region
due to microphysical processes. For a long time, it has been generally assumed that
water vapour at mesopause altitudes has only an inverse relationship to the solar
cycle (e.g. Sonnemann and Grygalashvyly, 2005, and references therein).
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FIGURE 4.4: Time series of Lya and HpO anomalies as monthly averages for July at
68°N for the altitude range of 80-85 km from MIMAS run A and satellites (HALOE
and the composite data from MLS and SOFIE). Satellite observations are according
to Hervig et al. (2019). The H;O-Lya correlation is calculated for the early and late
periods (see inset). Figure taken from Vellalassery et al. (2023), Fig. 8.

The response of H,O to the solar cycle, which has been missing since 2005
(Hervig et al., 2019), is investigated with MIMAS. We have investigated how well
our model is in agreement with the satellite observations of water vapour that are
discussed in Hervig et al. (2019). For the comparison, we applied the geometry of
the satellite observations in the model, i.e. the response of H,O was averaged over
an altitude range of 80-85 km, as shown in Figure 4.4. The satellite observations from
HALOE showed a strong anti-correlation with the solar cycle in the early period. At
the same time, the model exhibited a very small response in both the early and late
periods. In the early period, MIMAS showed no clear inverse relationship between
H>O and the solar cycle. However, there was a slightly positive correlation in the
late period, consistent with the SOFIE and MLS satellite observations.
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Figure 4.5 shows that the H>O response to the solar cycle is not completely absent
in the late period. In MIMAS, it becomes negligible when averaged over an altitude
of 80-85 km. In the altitude range of 80-85 km (shaded area in Figure 4.4), the positive
and negative reactions of H,O are almost equal and symmetrical. Therefore, averag-
ing these values over this height range reduces the overall response of the model, as
the positive and negative responses cancel each other out. In summary, The apparent
disappearance of the solar cycle modulation in the satellite observations is probably
due to averaging over altitude ranges (80-85 km) where both a positive and a neg-
ative response occur. Unfortunately, we can only speculate about the disagreement
between HALOE and MIMAS. However, what we saw from our model simulation
is that the solar cycle response in the vertically averaged data can be increased if
we change the altitude of averaging. This result suggests that a simple averaging
of H,O values at NLC altitudes, including positive and negative variations, cannot
fully explain the relationship between H,O concentrations and the solar cycle.
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response to the solar cycle. Panels (a) and (b) show the results of two MIMAS model

runs: (a) run E with constant CO; and CHy, and (b) run A with varying CO, and
CH,. Figure taken from Vellalassery et al. (2023), Fig. 9.

The effects of increasing GHGs in the later period are analyzed by comparing
the model simulations with increasing and constant greenhouse gases. In run with
increasing GHGs (run A), water vapour response to Lya increased in the later pe-
riod compared to the early period (see Figure 4.1b). This is due to increased CO,
and CHy, which leads to a decrease in temperature and an increase in water vapour,
intensifying microphysical processes and freeze-drying. However, relying solely on
data from the last two solar cycles may not provide a complete understanding of the
long-term consequences of rising greenhouse gases (GHGs). To gain a comprehen-
sive insight into the impact of GHGs over time, it’s essential to analyse long-term
data sets. Therefore, we studied the long-term evolution of NLCs and their response
to the solar cycle for a longer period (1849-2019) with and without increasing GHGs,
which is discussed in the next chapter.
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Long-term trends in noctilucent
clouds response to solar cycle
variations
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Ashique Vellalassery et al. (2024). “Long-Term Evolution in Noctilucent Clouds’
Response to the Solar Cycle: A Model-Based Study”. In: Atmosphere 15.1. ISSN:
20734433. DOI: 10.3390/atmos15010088

There are studies that have used the LIMA /MIMAS model to investigate long-
term trends in NLCs and the effects of increases in greenhouse gases (CO, and CHy)
from 1871 to 2008 (Liibken et al., 2018;Liibken et al., 2021). Those study’s results re-
vealed that the time series of some of the ice parameters fluctuates significantly with
the solar cycle (see Figure 3 in Liibken et al., 2018). Given the aim of those studies
to explore long-term trends in NLCs, the influence of solar cycle variations on NLCs
was excluded by averaging over half a solar cycle (Liibken et al., 2021). The available
observational data on NLC trends are still quite limited, and there is little knowledge
about long-term trends and fluctuations in the background atmosphere at NLC al-
titudes (Thomas, 2003; Liibken et al., 2018; Berger and Zahn, 2002, Nedoluha et al.,
2017). Model simulations are a valuable tool for better understanding the changes
in NLC properties and the surrounding atmosphere (Hervig et al., 2015).

In this study (Vellalassery et al., 2024), long-term simulations of NLCs were car-
ried out with the MIMAS model for the period from 1849 to 2019, with the aim to
investigate the impact of 11-year solar cycle variations on NLC characteristics. Our
analysis is based on model simulations previously used in studies by Liibken et al.
(2018) and Liibken et al. (2021). Three model runs are carried out for this study,
namely Run A, B and C. In run A, both CO, and CHy4 (H,O) increase. In run B, only
the CO, concentration increases, while the CHy concentration remains constant. In
run C, the CHy concentration increases while the CO, concentration remains con-
stant (see section 2.3 for more details). Unfortunately, little is known about the long-
term changes in dynamic and compositional properties of the summer mesopause
region. As the consideration of long-term changes in dynamics is highly specula-
tive, the model simulations are carried out using a specific dynamic scenario from a
representative year 1976 for the entire period (1849 to 2019).
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The main questions addressed in this paper are: (1) How do the background
temperature and water vapour respond to the solar cycle, and what are the trends
in their response? (2) What are the long-term trends in NLC properties, and how do
solar cycle modulations affect them? (3) What effect does the long-term increase in
greenhouse gases have on the response of NLC properties to the solar cycle?

We analysed the effects of increasing CO, and solar cycle fluctuations on the time
series of vertical temperature profiles from 1849 to 2019. The temperature profiles
have shifted downwards over time with increasing CO,. This is due to the atmo-
spheric shrinking effect. Simultaneously, the influence of the solar cycle is identified
in the time series of vertical temperature profiles with a clear 11-year pattern. During
the solar maximum, increased solar irradiance in the MLT region results in increased
absorption of solar radiation by molecular oxygen and water vapour, heating the
background atmosphere. The temperature differences of 0.5 K - 2 K observed be-
tween the solar maximum and minimum at NLC altitudes depend on the intensity
of the solar cycle and the altitude (see Fig. 5 in Vellalassery et al., 2023).

The time series of the water vapour profiles for MIMAS runs A and C with and
without NLCs are shown in Figure 5.1. Without NLCs (see Figures 5.1a and 5.1b), the
water vapour concentration increases progressively over time at all altitudes. This
trend is due to the increased CHy content, which leads to an increased production
of H,O molecules due to oxidation of CHy. In addition, the effects of the solar cycle
can be seen in periodic maxima and minima in the time series of the H,O profiles,
which recur every 11 years. During solar maximum, there is a decrease in the water
vapour concentration at all altitudes, which is due to the increased photolysis due
to the increased Ly« flux.
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FIGURE 5.1: Time series of water vapour concentration as a function of geometric

altitude, zonally (69°N) and monthly (July) averaged for (a) Run A without NLC,

(b) Run C without NLC, (c) Run A with NLC, and (d) Run C with NLC. Figure
taken from Vellalassery et al. (2024), Fig. 3.

Comparing the figures with and without NLC (Fig. 5.1, upper and lower panels),
it is evident that the H,O profile with NLCs differs significantly from that without
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NLCs. At altitudes where NLCs are formed (>~ 83 — 85 km), there is a reduction
in H>O concentration due to the consumption of H,O during ice particle formation,
commonly referred to as the "freeze-drying effect". Consequently, the highest H,O
concentrations occur at altitudes where NLC ice particles sublimate, approximately
1 km below the altitude corresponding to the maximum backscatter coefficient (Bmax,
NLC altitude) indicated by the solid black line. In addition, the H,O profiles shown
in Run A show a gradual downward shift in geometrical altitudes over time com-
pared to Run C, attributed to atmospheric shrinking caused by increasing CO, lev-
els.

The study investigated the long-term trends in the vertical profiles of NLC prop-
erties under different atmospheric greenhouse gas conditions (runs A, B, and C).
The study shows that regardless of the altitude where the highest concentration of
ice particles occurs, the maximum brightness of NLC (represented by Bmax) aligns
with the altitude where the largest particle radius is found. This occurs because the
increase in the backscatter cross-section is roughly proportional to the radius to the
power of six (r°). The long-term trends indicate an increase in the radius of ice par-
ticles and brightness of NLC, primarily attributed to rising H,O levels. We noted
the impact of the 11-year solar cycle on the vertical distribution of NLC properties.
During the solar maximum, decreased water vapour due to increased photolysis
and higher temperatures result in reduced ice formation. Consequently, smaller ice
particles form, leading to lower brightness during the solar maximum compared
to the years of solar minimum. This is observed across all altitudes, with the most
significant effects occurring at the Bmax altitude.

Next, we examined the trends in how various NLC properties respond to the
11-year solar cycle. Our analysis focused solely on the midpoint of the summer
season, specifically July. Additionally, we implemented a threshold for NLC bright-
ness (Biim = 0.05) to filter out non-NLC events while still capturing smaller NLC
occurrences. The time series of NLC altitude, also known as the Bmax altitude, is
depicted in Figure 5.2a, while the lower panel of the same figure displays the time
series of Lyax. In runs A and B, the altitude of NLC decreases due to CO,-induced
atmospheric shrinking. Conversely, in run C, where only H,O increases, the NLC
altitude remains nearly constant (Liibken et al., 2018; Liibken et al., 2021).

To investigate trends in the variation of NLC height with the solar cycle, we com-
puted the response of NLC height to a unit change in Ly« for each solar cycle. This
involved calculating the absolute difference in NLC height between the solar max-
imum and minimum and subsequently dividing it by the absolute Lya difference
between the corresponding solar maximum and minimum. In Figure 5.2b, the time
series illustrates the NLC altitude response for 15 solar cycles spanning from 1855 to
2019. Before the 19th solar cycle (1954-1964), the NLC altitude response exhibited a
relatively gradual and slow increase. However, following the 19th solar cycle, there
was a noticeable acceleration in the NLC altitude response. Post-1960, various prop-
erties of NLCs, including brightness, radius, and IWC, experienced enhancements
due to the accelerated rise in greenhouse gas concentrations (Liibken et al., 2018;
Liibken et al., 2021).

We also analyzed the trends of how the maximum NLC brightness (Bjim), ice
water content (IWC), and the occurrence of NLC respond to the solar cycle. Figure
5.3a shows the time series of the solar cycle response of maximum brightness for
runs A, B, and C. The maximum brightness negatively correlates with the solar cycle
variations, with its intensity gradually increasing over time in all runs. However,
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FIGURE 5.2: (a) Time series of NLC altitudes (averaged for July and zonally at
69°N) from 1849 to 2019. The results from three runs (A, B, and C) are shown in
the figure (see insert). The lower panel shows the time series of the solar Lya flux
(unit: 101y em—2572) averaged for July. (b) Response of NLC altitude to the unit
change in solar Lya during solar cycles between 1855 to 2019 (For example, solar
cycle 10 corresponds to 1855-1867, while solar cycle 24 represents 2008-2019). The
three runs, A, B, and C, are shown (see insert), showing linear regression fits. The
error bars represent the standard error of the mean for the respective solar cycle
years. Figure taken from Vellalassery et al. (2024), Fig. 6.

this increase is more pronounced in runs A and C than in run B. This suggests that
the main factor contributing to the enhanced response of NLC brightness to the solar
cycle is the increase in H,O.

Figure 5.3b shows an increasing trend in the response of IWC to the solar cycle in
all runs. The results suggest that the increased response of the IWC to the solar cycle
is due to both temperature variations and increasing H,O. However, the increased
H>O has a greater influence on the increased response of IWC than those of CO,
and temperature. Figure 5.3c presents the trends in the solar cycle response of the
NLC occurrence rate. The occurrence rate of NLC is calculated as follows: For July
in each year, the total number of latitude/longitude fields (referred to as "events",
Nmax) is determined by latitude fields (6), longitude fields (120), and time windows
of 6 hours each (31 days x 4 per day = 124-time steps), resulting in a total number of
89,280 events (Nmax). Whenever an ice layer occurs (applying a given threshold in
NLC brightness (Bim = 0.05)) in a given latitude/longitude bin and time segment
in MIMAS, we call this an "NLC event". The NLC occurrence rate is calculated by
dividing the number of NLC events by the total number of events (Nmax).

The occurrence rate of NLC showed a negative response to the solar cycle. Fig-
ure 5.3c shows that the response of the NLC occurrence to the solar cycle is more
pronounced with temperature changes (runs A and B) than with a constant tem-
perature (runs C). This suggests that the temperature variations associated with the
solar cycle have a significant influence on the frequency of NLC occurrence. This is a
consequence of the transition from NLC to non-NLC events (from supersaturation to
subsaturation), primarily determined by temperature changes, while water vapour
plays a secondary role (Berger and Zahn, 2002). After the 19th solar cycle, the NLC
occurrence rate in runs A and C either remains constant or decreases slightly. This is
due to the accelerated increase in carbon dioxide (CO,), which leads to a cooling of
the upper mesosphere, and the increase in methane (CHy), which leads to increased
water vapour concentrations. Consequently, more events shift to NLC events with
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taken from Vellalassery et al. (2024), Fig. 7.

high saturation ratios (S). As a result, solar cycle-induced variations in H,O and tem-
perature have minimal impact on the transition of NLC events from supersaturation
to subsaturation, as saturation ratios are already high (S » 1). Therefore, the response
of the NLC occurrence rate decreases from the 19th solar cycle onwards.

The response of NLC properties to the solar cycle varies with latitude. NLC
height, maximum brightness, and ice water content showed stronger responses and
similar trends at high and Arctic latitudes. The occurrence of NLC shows a smaller
response to the solar cycle at high and Arctic latitudes but a stronger one at mid-
latitudes. The water vapour saturation ratio (S) is higher at high and Arctic lati-
tudes, while it is lower at mid-latitudes due to warmer temperatures and lower wa-
ter vapour concentrations. Therefore, temperature and water vapour fluctuations
during the solar cycle have a stronger influence on the value of S and, consequently,
on the occurrence of NLC at mid-latitudes than at high and Arctic latitudes.
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We found that increases in greenhouse gas (GHG) concentrations are primarily
responsible for the enhanced response of noctilucent clouds to the solar cycle. This
illustrates the impact of increasing anthropogenic emissions on temperature and wa-
ter vapour concentrations in the upper atmosphere. These results indicate that the
effects of climate change are particularly more noticeable in the upper mesosphere,
which can be directly observed from Earth through NLCs. With this increasing wa-
ter vapour trend in the mesosphere due to the increasing CH4, there will be a further
increase in NLCs in the future, which could lead to increasing absorption of solar ra-
diation that can affect the upper mesosphere photochemistry. To investigate this, we
have recently performed MIMAS simulations for the future (up to the year 2100),
considering only the CHy increase, as the CHy increase (water vapour) is the main
reason for the increasing optical parameters such as brightness and extinction. The
next chapter examines the absorption of solar radiation due to future enhancements
in NLCs.
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Franz Josef Liibken et al. (2024). “Absorption of Solar Radiation by Noctilucent
Clouds in a Changing Climate”. In: Geophysical Research Letters 51.8. 1SSN: 0094-
8276. DOI: 10.1029/2023GL107334

As mentioned in the previous chapter, increased methane (CHy4) emissions pre-
sumably will increase water vapour concentration in the mesosphere. This leads
to an enhancement in NLCs, which absorb more solar radiation in the future. Re-
cently, Yu et al. (2023) published findings on the future development of NLC; how-
ever, they used a zero-dimensional model for NLC and no extinction was calcu-
lated. In this work, we studied the extinction of solar radiation by NLCs at var-
ious wavelengths in a future climate scenario with increasing methane. We used
LIMA /MIMAS model runs for 1950-2100 with only methane increase. More details
on the model and numerical experiments are discussed in Chapter 2 and in previous
publications (Liibken et al., 2018; Liibken et al., 2021). For this study, we used the
background conditions of a representative year for all years, i.e. the dynamic forcing
of the upper mesosphere/lower thermosphere is constant for all years.

In MIMAS, the formation of ice particles is determined by analysing the evolu-
tion of 40 million dust/ice particles, resulting in a full-size distribution. This size
distribution, representing the number of particles within a given bin, is then used
to calculate the extinction coefficients. In some models, only the mean radius of the
ice particles is available, so a theoretical size distribution has to be assumed. This
leads to errors in the assumed distribution, which can lead to significant errors in
calculating the extinction coefficients, as the optical properties vary approximately
with 70 (r = radius). In previous studies (Liibken et al., 2018; Liibken et al., 2021), we
have shown that the increase in optical parameters such as brightness and extinction
is primarily due to increased H,O, while a decrease in temperature (due to increased
carbon dioxide levels) has only a minimal effect.

The future increase in methane concentrations (Figure 2.5) is based on the IPCC
AR4, focussing on the RCP 8.5 scenario described by Riahi et al. (2011). Due to
computational limitations, we used the results of the MIMAS model from selected
years between 1950 and 2100, focusing only on the NLC core season in July, as in
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previous studies. We have compared the results of LIMA and MIMAS with ground-
based and satellite-based observations and found excellent agreement (e.g. Schmidt
et al., 2018; Liibken et al., 2018; Liibken et al., 2021; Vellalassery et al., 2023; and
references therein). Schmidt et al. (2018) carried out a comprehensive comparison
of lidar and satellite observations with LIMA /MIMAS data. Their results indicate a
slight tendency to underestimate the radii of the model. We have therefore adjusted
all radii in the model by a factor of 1.35.
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FIGURE 6.1: Extinction coefficients as a function of wavelength for (mono-dispers)

particle radii as given in the insert (in nm, various colours). The vertical lines mark

wavelengths where we have calculated extinctions by the NLC layer. Figure taken
from Liibken et al. (2024), Fig. 2.

Figure 6.1 shows the extinction coefficients as a function of wavelength for
monodisperse particles with specific radii. The extinction coefficient (“cross-
section”) o(r,A) (units: m?) is a function of particle radius r and wavelength A.
The optical depth dt for a given wavelength A traversing a layer at height z with
a geometrical thickness dz:

dt(z,r,A) = o(r,A) -dz-dN(z,r,dr)

where dN(z,r,dr) is the number density of particles at height z with radius be-
tween r and r + dr. The total optical depth TA is determined by integrating over all
radii. The amount of solar light with wavelength A passing the layer (relative to the
incoming intensity) is exp(—A), and the relative attenuationisa = 100 (1 —e™7) (in
%).

In MIMAS, the backscatter coefficients and optical depths are calculated for every
box, thatis, at all altitude layers, at all latitudes/longitudes, and at all time steps. The
total optical depth is then determined by summing all these boxes. Figure 6.1 shows
that the extinction coefficient varies as A~ for a given radius and approximately as
1% for a given wavelength over a significant range of the visible and infrared spec-
trum (approximately between 200 and 1000 nm). The absorption of solar radiation
generally decreases with increasing wavelength. However, this behaviour does not
apply for wavelengths above 1000-2000 nm and particle radii below around 200 nm.
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The resonances with a major peak at ~3000 nm are due to the vibrational excitation
of OH.

We compared the frequency of occurrence of the maximum backscatter coeffi-
cients (Bmax) of MIMAS with the observations of Bmax from the ALOMAR Rayleigh-
Mie-Raman (RMR) lidar at 69°N (both for the month of July only) (Figure 3 in
Liibken et al., 2024). The comparison showed that the relative distribution of the
Bmax Values from the observations agrees with those of the model. This agreement
suggests that the distributions of particle size and number density in LIMA /MIMAS
are realistic, which also applies to the extinction coefficients and attenuations.

We then analysed the frequency distribution of attenuations at 69 + 3°N for a
wavelength of A = 200 nm. We only considered boxes in which the particle radii
were greater than 0 nm to exclude mixtures with dust particles. We chose 200 nm
because this allows easy extrapolation to longer wavelengths, and the extinction at
this wavelength is comparable to the peak at 3000 nm (see Figure 6.1). The distri-
butions in Figure 6.2 show a slow decline in the future years, which indicates that
larger attenuations will occur more frequently in the future. We find that almost all
columns contain ice. This is consistent with observations of polar mesosphere sum-
mer echoes (PMSE), which are almost always present in polar and Arctic latitudes
in summer (Latteck et al., 2021). Figure 6.2 also shows the frequency distribution
for A = 126 nm in 2080, again for 69 & 3°N. The distribution reaches much higher
attenuations than A = 200 nm, showing that extinctions and attenuations increase
rapidly with decreasing wavelength, as shown in Figure 6.1.
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FIGURE 6.2: The relative occurrence frequency of attenuations at 69 & 3°N from

various years (see inlet) for a wavelength of A = 200nm (dots). The values for

A = 126 nm (black, crosses, 2080 only) demonstrate that attenuations are increasing

rapidly for decreasing wavelengths. The inlet also lists the mean attenuations (<
... >)in %. Figure taken from Liibken et al. (2024), Fig. 3.

Next, we analysed the long-term trends in mean optical thickness and attenu-
ation at A = 126nm at 69 + 3°N. Figure 6.3 shows that the mean absorption at
A = 126 nm increases from about 3% in 1950 to about 7% in 2100. The variability
of the mean absorption is about a factor of two. In specific regions, the absorption
can increase to 30% by 2100. For the visible spectrum at 532nm (not shown), the
mean attenuation increases from 0.0030% in 1950 to 0.020% in 2100, corresponding
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to an almost seven-fold increase. Locally, the maximum values can reach 0.35% by
the year 2100.
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FIGURE 6.3: For each selected year, the mean extinction coefficients (left axis) and
attenuations (right axis) are shown at 69 = 3°N. First, we average the extinction
coefficients from all columns (only where NLC are present) at a given time-step.
Then, we take the extinction coefficients from all time steps and determine the mean
(dots), standard deviation (bars), and maximum and minimum values (dashed
lines). Furthermore, the maximum extinction coefficient from all columns (before
averaging) is shown (red line, “grand maximum”). Figure taken from Liibken et al.
(2024), Fig 4.

We also analysed future extinction at different latitudes. We observed results
consistent with those at 69 = 3°N and 78 &+ 3°N. However, at 58 &= 3°N, the values are
significantly lower. The analysis of the trends in total ice mass shows that the total
amount of ice mass bound in NLC also increases with time, from 677 tons in 1950 to
1871 tons in 2100. The increase in ice mass strongly correlates with the concentration
of methane (correlation coefficient: 0.98).

To assess the significance of the absorption of solar radiation by NLCs, we com-
pare it with the variability caused by the solar cycle, which shows considerable vari-
ations across the wavelengths in both cases. For example, in the visible, the solar cy-
cle variation is approximately 0.1% (see, for example, Figure 3 in Gray et al., 2010).
Repeating the trend calculations shown in Figure 6.3 for A = 532nm, we found
mean absorptions of 0.02% and maxima of ~ 0.35% in the year 2100. This indicates
that the maximum absorption by NLC in the visible can be significantly larger in
some regions compared to the variations during a solar cycle. It is expected that the
absorption of solar radiation by NLCs influences photochemistry in the mesosphere
and stratosphere. Our model simulations with increasing methane suggest that the
conditions for observing NLC will become more favourable in the future, with the
frequency and brightness of NLC likely to increase significantly.
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Chapter 7

Conclusion and outlook

7.1 Thesis summary

In this thesis, the response of NLCs and the background atmosphere to the solar
cycle is analysed using the background atmosphere model LIMA and the micro-
physical ice transport model MIMAS. We also investigated the absorption of solar
radiation by future enhancements in NLCs due to increasing water vapour concen-
trations caused by increased methane.

In Vellalassery et al. (2023), the responses of water vapour (H,O) and noctilu-
cent clouds (NLCs) to the solar cycle are studied, focusing on recent solar cycles
23 and 24. Model simulations with and without microphysics were carried out to
investigate the effects of NLC formation on the vertical H,O profiles. The results
revealed that the NLC formations cause a redistribution of the H,O profiles. They
consume H,O from the background at ice-forming altitudes, leading to dehydra-
tion, and release it at ice-sublimating altitudes, leading to hydration, known as the
freeze-drying effect. The variation in solar radiation affects the concentration of H,O
at NLC altitudes in two main ways: the impact of the temperature change and the
effect of photolysis. Additional model simulations were performed under different
background conditions to distinguish these two effects. It is found that the mod-
ulation of water vapour by the solar cycle temperature changes leads to a positive
H,O response at ice-forming altitudes and a negative response at ice-sublimating
altitudes. On the other hand, the solar cycle photolysis effect causes only negative
responses in the H,O profile, with this effect dominating at altitudes where ice sub-
limation occurs. To the best of our knowledge, this is the first time that a positive
correlation of water vapour with Lya fluctuations has been detected in the MLT re-
gion, and this is attributed to microphysical processes during NLC formation.

The time series of H>O concentrations (averaged between an altitude of 80 and
85 km) in the satellite observations showed a lack of response in H,O during the
recent solar cycle 24 (Hervig et al., 2019). When the geometry of the satellite obser-
vations was used in the model, i.e. averaging the H,O concentration between 80-85
km, a lack of response was found. This is because, at these altitudes, H,O showed
positive and negative (symmetric) responses that largely cancelled each other out
when averaging.

In Vellalassery et al. (2024), the long-term trends in the response of NLC proper-
ties and the background atmosphere to the solar cycle are investigated for 1849-2019,
which covers 15 complete solar cycles (solar cycle 10 to solar cycle 24). Background
temperature and H,O showed an apparent response to the solar cycle throughout
the study period. This has intensified since 1960 due to increased greenhouse gas
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emissions. This study analysed solar cycle responses in vertical distribution profiles
of ice particle number, mean radius and NLC brightness. It becomes evident that
the solar cycle influence is present at all altitudes and reaches its maximum at the
height of maximum NLC brightness. The magnitude of the solar cycle affects ice
particle radius, and the brightness increases with time, mainly due to the increase
in HyO. At the same time, the profiles shift downwards in geometric altitudes due
to atmospheric shrinking. The temperature fluctuation caused by the solar cycle is
mainly responsible for the response of the NLC heights. The upward shift in NLC
heights is due to the expansion of the atmosphere caused by the increased warm-
ing during the solar maximum. At different latitudes, the effects of the solar cycle
on NLC properties are different. NLC height, maximum brightness and ice water
content are more responsive at high and Arctic latitudes and show a similar trend.
However, the occurrence of NLC is less affected at high and Arctic latitudes, while it
is much more variable at mid-latitudes. This is because the water vapour saturation
ratio of NLC events is higher at high and Arctic latitudes, while it is relatively low at
mid-latitudes due to higher temperatures and lower water vapour concentrations.
However, the occurrence of NLC is less affected at high and Arctic latitudes, while
it varies much more at mid-latitudes. This is because the water vapour saturation
ratio of NLC events is higher at high and Arctic latitudes, while it is relatively low at
mid-latitudes due to higher temperatures and lower water vapour concentrations.
As a result, temperature and water vapour fluctuations during the solar cycle have
a larger influence on the occurrence of NLC at mid-latitudes than at high and Arctic
latitudes.

In Liibken et al. (2024), the absorption of solar radiation by future enhancements
of NLCs is analysed, with a particular focus on the increase in methane content,
which is considered to be the leading cause of the increase in brightness and ice
mass in NLCs and thus leads to greater absorption of solar radiation. The results
indicate that UV absorption at A = 126 nm at a latitude of 69 £ 3°N is expected
to increase from ~ 3% to ~ 7%. In certain regions, absorption may increase to
around 30% by the year 2100. In the visible range (532 nm), the average attenuation
increases by a factor of ~ 7 from 0.0030% (1950) to 0.020% (2100). In some regions,
local absorption will reach up to 0.35% in 2100. This means that in certain areas, the
maximum absorption by NLC in the visible range, as expected for 2100, is stronger
than the variations over a solar cycle. These trends are similar at 78 & 3°N (compared
to 69 £ 3°N) but are considerably smaller at 58 £ 3°N. The total amount of ice mass
bound in the NLC also increases with time, from 677 tonnes in 1950 to 1259 tonnes
in 2050 and 1871 tonnes in 2100, respectively. This strongly correlates with methane
concentration (correlation coefficient: 0.98), with each additional ppbv of methane
increasing the ice mass by about 0.5 tonnes. Based on our previous studies of the
effect of methane on NLC morphology, we can expect that the conditions for visible
ground-based observers at mid-latitudes will become more favourable in the future,
i.e. the frequency and brightness of NLC will increase significantly. In summary,
the absorption of solar radiation by NLC is likely to impact photochemistry in the
mesosphere and stratosphere.

7.2 Directions for future research

It is found that the increase in greenhouse gas concentrations is primarily re-
sponsible for the enhanced response of noctilucent clouds to the solar cycle, high-
lighting the impact of increasing anthropogenic emissions on the temperature and
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water vapour concentration in the upper atmosphere. Given the continuing increase
in greenhouse gas emissions, there will be more water vapour in the mesosphere
and colder temperatures in the future, and consequently more NLCs. In Liibken et
al. (2024), we analysed the impact of increasing methane on future NLCs up to the
year 2100, focusing on the significance of NLC-solar radiation absorption by consid-
ering selected years. However, the effects of rising CO, on future NLCs have not
been investigated. The combined effect of an increase in CO, and CHy on future
NLCs could differ from an increase in CHjy alone. For example, NLC altitudes (due
to atmospheric shrinking) and maximum brightness could vary. One of the next
steps to continue this work will be to investigate the separate impact of CO, and
CHy increase on future NLCs based on different scenarios of increasing greenhouse
gas emissions (IPCC RCP scenarios).

As Liibken et al. (2024) explain the absorption of solar radiation by NLCs in some
local regions can be significantly larger than the variation throughout a solar cycle.
This can have complex and wide-ranging effects on the photochemistry of the meso-
sphere and stratosphere, particularly affecting chemical reactions and distributions
of minor chemical constituents with potential impacts on atmospheric composition
and climate. In order to make more quantitative statements, more sophisticated
modelling is required with interactively included chemistry in MIMAS, which will
be another area for future research.

Given the important role of the solar cycle in the Earth’s atmosphere, under-
standing how it affects the upper mesosphere is important for improving climate
modelling. In the future, the results presented in this thesis can be used to improve
the models. For example, the response of H,O under NLC conditions depends on
the altitude. This information could be incorporated in future developments of at-
mospheric models, especially for the chemical component, as water vapour plays a
crucial role in the chemistry of the upper mesosphere.

Climate change and the solar cycle will likely impact atmospheric circulation
patterns in the mesosphere, possibly impacting background conditions and grav-
ity waves (e.g. Butchart, 2014). Unfortunately, little is known about the long-term
effects of these changes on summer mesopause dynamical, thermal, and composi-
tional properties. We look forward to a new gravity wave-resolving model in the
future to investigate the effects of changing dynamics due to changing greenhouse
gases and solar cycle variations. In addition, turbulence and vertical winds have
a significant influence on the freeze-drying effect, which in turn influences water
vapour concentration and NLCs. Given the significant role that these factors play,
one of the next steps will be to investigate the influence of turbulence and vertical
winds on NLCs and water vapour distribution.
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Abstract. The responses of water vapour (H,0O) and noc-
tilucent clouds (NLCs) to the solar cycle are studied using
the Leibniz Institute for Middle Atmosphere (LIMA) model
and the Mesospheric Ice Microphysics And tranSport (MI-
MAS) model. NLCs are sensitive to the solar cycle because
their formation depends on background temperature and the
H,O concentration. The solar cycle affects the H,O concen-
tration in the upper mesosphere mainly in two ways: directly
through the photolysis and, at the time and place of NLC for-
mation, indirectly through temperature changes. We found
that H>O concentration correlates positively with the temper-
ature changes due to the solar cycle at altitudes above about
82 km, where NLCs form. The photolysis effect leads to an
anti-correlation of H,O concentration and solar Lyman-« ra-
diation, which gets even more pronounced at altitudes below
~ 83 km when NLCs are present. We studied the H>O re-
sponse to Lyman-o variability for the period 1992 to 2018,
including the two most recent solar cycles. The amplitude
of Lyman-« variation decreased by about 40 % in the period
2005 to 2018 compared to the preceding solar cycle, resulting
in a lower H>O response in the late period. We investigated
the effect of increasing greenhouse gases (GHGs) on the H,O
response throughout the solar cycle by performing model
runs with and without increases in carbon dioxide (CO;) and
methane (CHy). The increase of methane and carbon dioxide
amplifies the response of water vapour to the solar variabil-
ity. Applying the geometry of satellite observations, we find
a missing response when averaging over altitudes of 80 to
85km, where H,O has a positive response and a negative
response (depending on altitude), which largely cancel each
other out. One main finding is that, during NLCs, the solar
cycle response of H>O strongly depends on altitude.

1 Introduction

The 11-year solar cycle significantly influences the upper-
atmosphere’s temperature and water vapour (H,O) concen-
tration. HyO is one of the essential minor constituents in
the mesosphere as it is the primary source of chemically ac-
tive hydrogen radicals, influencing the chemistry of all other
chemically active minor constituents (Brasseur and Solomon,
2005; Hartogh et al., 2010). H,O concentration plays an
essential role in the noctilucent cloud’s (NLC) formation.
NLCs are located at about 83 km altitude, consist of water
ice particles, and owe their existence to the cold-summer
mesopause region (~ 130K) at middle and high latitudes.
NLCs, also called polar mesospheric clouds, are formed in
an environment where small changes in background H,O and
temperature can lead to significant changes in NLC proper-
ties (e.g. Thomas, 1996; DeLand et al., 2006; Shettle et al.,
2009; Liibken et al., 2009).

In comparison to the lower atmosphere, little is known
about the upper mesosphere—lower thermosphere (MLT, 75—
110 km) due to a lack of observations at these altitudes. NLCs
have been proposed as indicators of trends in background
temperature and H>O concentrations (Thomas and Olivero,
2001). Studying NLC properties provides insight into phe-
nomena occurring at the altitude of NLCs. The 11-year solar
cycle has been considered to cause quasi-decadal oscillation
observed in NLCs (DeLand et al., 2003). NLCs are predicted
to decrease during solar maximum due to increased heating
and photolysis of H>O (Garcia, 1989). However, some recent
studies strongly suggest that the response of NLCs to the so-
lar cycle has been absent from 2002 to the present (Fiedler
et al., 2011; DeLand and Thomas, 2015; Hervig et al., 2016;
Siskind et al., 2013). Hervig et al. (2019), using satellite ob-
servations, found that NLCs had a clear anti-correlation with
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the solar cycle before 2002, and that response has been ab-
sent in recent years. The leading cause of this absence ap-
pears to be the suppression of the solar cycle response of
H;0. Lyman-« (Lya) radiation is the primary cause of H,O
photolysis and varies by a factor of 2 between solar mini-
mum and maximum (Woods et al., 2000). Understanding the
effects of the solar cycle on H>O is more complicated at NLC
altitudes because of the interaction between NLCs and back-
ground H,O.

NLC growth leads to dehydration at higher altitudes (83—
89 km) as ice particles are formed by consuming background
H;O, and sublimation of ice particles leads to hydration at
lower altitudes as H,O is released here (about 78—83 km)
(Liibken et al., 2009; Hervig et al., 2003). Investigating the
effects of NLCs on the background H, O requires an estimate
of the H>O profile without NLCs. Investigations using satel-
lite observations are limited due to uncertainty in the inferred
background H,O without NLC and vertical resolutions on
the order of a few 100 m. Therefore, using satellite obser-
vations to study H,O at NLC altitudes could yield mislead-
ing results due to biases in the estimated H,O profiles with-
out NLC (Hervig et al., 2015). Hervig et al. (2015) suggest
that, in future studies, one approach to investigate the effects
of NLC on H>O would be to use a detailed microphysical
NLC model. Therefore, for this study, simulations are per-
formed with and without microphysics using the same back-
ground conditions, resulting in an H>O profile with and with-
out NLC. This allows us to investigate how NLC formation
changes the H>O background profile in detail.

We compare the model result to satellite observations pub-
lished by Hervig et al. (2019) to investigate the mechanism
behind the solar cycle response of NLC and H,O. We also fo-
cus on the missing solar cycle response of HO during recent
years. This paper aims to answer a number of questions. How
does the formation of NLCs affect the H,O profile and the
variation of water vapour with the solar cycle? How do the
solar-cycle-induced temperature and photolysis changes af-
fect the HO response? Why is the response of water vapour
to the solar cycle nearly absent in satellite observations af-
ter 2005 (Hervig et al., 2019)? Our study is focused on the
core NLC period, i.e. July at 68 & 5° N. The following sec-
tion describes the modelling framework of this study and dis-
cusses the various model simulations performed. The third
section discusses the mechanisms behind the solar cycle H,O
response, such as the separation of the solar-cycle-induced
temperature and photolysis effects on H>O. Sections 4 and 5
explore the possible reasons behind the missing solar cycle
response. Concluding remarks and a summary are given in
the last section.
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2 Model description and numerical experiments
2.1 Model

The modelling framework used in this study consists mainly
of two components: the Leibniz Institute Middle Atmosphere
(LIMA) model and the Mesospheric Ice Microphysics And
tranSport (MIMAS) model (see Fig. 1). LIMA is a non-
linear, global, 3D Eulerian grid point model reaching from
the troposphere to the lower thermosphere which calculates
winds and temperature and is well described in a number
of papers (Berger, 2008; Liibken et al., 2013). The LIMA
model in this study is nudged to reanalysis data from NOAA-
CIRES (National Oceanic and Atmospheric Administration-
Cooperative Institute for Research in Environmental Sci-
ences 20CR; Compo et al., 2011) up to an altitude of 45 km.
The resulting winds and temperatures in the mesosphere and
lower thermosphere (MLT) are then used in MIMAS. The
MIMAS model run was performed for all years with back-
ground wind conditions and gravity wave forcing from a rep-
resentative year (1976).

MIMAS is a 3D Lagrangian transport model specifically
designed for modelling ice particles in the MLT region
(Berger and Liibken, 2015). MIMAS calculates NLC param-
eters from 10 May to 31 August, and it is constrained from
middle latitudes to high latitudes (37-90° N) with a horizon-
tal grid resolution of 1° in latitude and 3° in longitude and a
vertical resolution of 100 m from 77.8 to 94.1km (163 lev-
els). In this study, the dynamics calculated by LIMA, solar
Ly, and the initial H,O distribution are the input for MI-
MAS, as sketched in Fig. 1. Below the MIMAS lower bound-
ary, two effects determine the mixing ratio of H>O in the
stratosphere: (i) transport of H,O from the troposphere and
(ii) oxidation of methane (CHy). The oxidation of each CHy
molecule produces two HyO molecules. Methane is nearly
completely converted to H,O in the mesosphere by photo-
chemical processes (e.g. Liibken et al., 2018). MIMAS as-
sumes that transport from the troposphere is constant. The
increase in HpO is primarily through (ii), i.e. due to the in-
crease in CHy concentration (Liibken et al., 2018). Then,
mesospheric H,O in MIMAS is transported by background
winds, dispersed by turbulent diffusion, and reduced by pho-
tolysis. Hence, we parametrize HyO as a function of CHy4
following Liibken et al. (2018) (see Sect. 2). MIMAS makes
use of 40 million dust particles, which can act as conden-
sation nuclei. Dust particles are formed from meteors evap-
orating in the atmosphere (for more details, see Berger and
von Zahn, 2002; von Zahn and Berger, 2003; Killiani, 2014).
These are then coated with ice in H, O-supersaturated regions
and transported according to three-dimensional and time-
dependent background winds, eddy diffusion, and sedimen-
tation. In MIMAS, standard microphysical processes such as
the Kelvin effect determine the nucleation and growth of ice
particles (Berger and Liibken, 2015; Gadsden and Schroder,
1989). For the comparison with satellites, we used model run
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Figure 1. Sketch of the LIMA (green) and MIMAS (blue) models (from Liibken et al., 2021).

A, which includes CO; and CHy variations (Liibken et al.,
2018, 2021). We performed MIMAS model simulations with
ice formation turned off and on respectively to investigate the
effects of ice formation on background H,O. In both runs,
the background conditions and model inputs are the same.
The main outputs of the model are the microphysical prop-
erties of the NLC ice particles, such as radius, backscatter
value, and the number density of the ice and dust particles.
More detailed descriptions of the MIMAS model and its pre-
cursors are available in the literature (Berger and von Zahn,
2002; Berger, 2008; Berger and Liibken, 2011; Liibken et al.,
2018, 2021).

2.2 Model simulations

LIMA and MIMAS use daily Lyo fluxes taken from the
LASP Interactive Solar Irradiance Data Center (LISIRD)
as a proxy for solar activity from 1961 to 2019 (Machol
et al., 2019). Lya (and other spectral band) variations in
LIMA cause atmospheric temperature variations, while Ly«
variations in MIMAS cause photolysis of H>O. In LIMA,
variations of other bands, namely, the Chappius band, Hug-
gins band, Hartley band, Schumann—-Runge band, and both
Schumann—Runge continuums, are taken into account. The
parametrization schemes are discussed in more detail in
Berger, 2008 (see Sect. 2.2). Variations of these bands are
parameterized based on Lya values according to Lean et
al. (1997). Therefore, it is possible to study the effects of the
solar cycle on H>O due to temperature changes and photol-
ysis separately by performing model simulations with con-
stant and varying Ly« in MIMAS and LIMA. We conducted
four model runs, as described in Table 1. We also performed
LIMA model simulations with constant CO; for runs E, F,
and G to filter out their effects on temperature changes. For
these runs, we use a constant CHy concentration in MIMAS
to avoid its influence on the H,O profile.

In LIMA, the mixing ratios of CO; (28-150km) vary as
function of time (years), while all other trace gases are kept
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constant. An increase in CO; leads to a decrease in temper-
ature in the stratosphere mainly due to enhanced cooling by
CO» (e.g. Roble and Dickinson, 1989; Garcia et al., 2007;
Berger and Liibken, 2011; Marsh et al., 2013; Liibken et al.,
2013). At NLC altitudes, this cooling leads to an altitude
decrease of pressure levels, referred to as the shrinking ef-
fect (Liibken et al., 2009). For LIMA, we use the long-term
increase of CO; concentration according to observations at
Mauna Loa (19° N, 155° W).

This study focuses mainly on the recent two solar cycles
from 1992 to 2018. Figure 2 shows the time series of Ly,
CO3, and CHy for 1992-2018. The corresponding values of
Lywa, CHy4, and CO; for the years considered for this study
are highlighted. We classify 1992-2005 as period 1 (early)
and 20052018 as period 2 (late). Satellite observations of
H>O showed a clear anti-correlation with the solar cycle in
the early period, which was absent in the late period (Hervig
et al., 2019). Certainly, at low and middle latitudes, without
NLCs, one can detect only anticorrelation. For example, in
H,O satellite data averaged over the tropics (30° N-30° S),
anti-correlation is observed for the late period (Karagodin-
Doyennel et al., 2021). To investigate the missing response
reported in Hervig et al. (2019), we first examined the early-
period solar minimum (1997) and maximum (2002) in more
detail. The solar cycle affects the H>O concentration in two
main ways: (i) through the photolysis of H,O by Lya and
(i1) through the temperature effect. We distinguish these ef-
fects by performing model simulations with different back-
ground conditions (see Table 1). Namely, in Sect. 3.3, we
discuss the individual roles of solar-cycle-induced photoly-
sis and temperature change on the HyO—solar-cycle response.
Figure 2 shows that the intensity of Ly« radiation during the
late period has decreased compared to the early period, and
the concentrations of increased greenhouse gases (GHGs)
have increased in the late period. The effects of reduced Ly«
intensity and increased greenhouse gas (GHG) concentra-
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Table 1. MIMAS simulations were carried out under different background conditions. The horizontal arrow stands for constant values for
the given year; the vertical arrow is for varying parameters. How Ly« affects HO is given for each run in the last column.

LIMA MIMAS
Model COj Lya CHy Lya Water vapour solar
run T effect photolysis  cycle response affected by
effect
A 3 $ 3 3 — Temperature change (Lyx + CO»)
— Photo dissociation
— Varying CH4 (H, O source)
E <~ 3 < 3 — Temperature change
1997 1997 — Photo dissociation
F <~ 3 <~ <~ — Temperature change
1997 1997 1997
G <~ <~ <~ 3 — Photo dissociation
1997 1997 1997
PP - h period2 where IWCyyjy represent monthly zonal averages at 68° N,
_ Lya and IWCj9g1_2018 are the averages of IWCyyjy over the years
T 6p sol max ] 1981-2018. The IWC anomaly for satellite measurements
T Sk wolmax are from the Solar Backscatter Ultraviolet (SBUV), Halogen
> B 3 Occultation Experiment (HALOE), Cloud Imaging and Par-
Sab ] ticle Size (CIPS), and Solar Occultation For Ice Experiment
S F sol min - (SOFIE) instruments. The time series of SBUV and HALOE
3 ) L L ] data, as shown in Fig. 3, represent 3 years of sliding-averaged
= : it =t —=—=—=—+=2000 . . .
T 200 — €02 ; run A —— CH, - = values. For more details on the satellite datasets, see Hervig
s | / A 2 et al. (2019). For this comparison, we used the MIMAS run
8 350ﬁ::§: X ]1800% A, in which the simulations are performed with increasing
—oes 5000 5005 o000 So1e concentrations of CO, and CHy. For the comparison, we

Year

Figure 2. Time series of solar Ly, CO,, and CH4 for 1992-2018.
The corresponding Ly, CO,, and CHy values for the solar cycle
maximum and minimum years used for this study are marked. The
CO; and CHy4 values for run A are represented with dots, and for
run E, they are represented with crosses. The study period is di-
vided into period 1 as early (1992-2005) and period 2 as late (2005—
2018).

tion on long-term HyO-solar-cycle response are discussed in
Sect. 4.

3 Results and discussions
3.1 Solar cycle response in ice water content (IWC)

To determine whether the model agrees with satellite obser-
vations, we compared the ice water content (IWC) anomaly
from the model with the satellite observations (see Fig. 3).
IWC anomalies are calculated as follows:

IWCyyly —IWCi981-2018
IWCi981-2018 7

IWCianom = 100% -

ey
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applied the same calculation method to our model data as
Hervig et al. (2019) did to satellite observations, namely,
we used a threshold of 50 gkm™3 for integrated water con-
tent because the polar mesospheric cloud (PMC) detection
threshold for SBUV is 50 gkm™ (DeLand and Thomas,
2015, 2019).

We find an anti-correlation between MIMAS IWC
anomaly and Lyo flux throughout the entire period (1981—
2018), with a weaker response in the late period. In satel-
lite observations, SBUV measurements also show an anti-
correlation with Ly flux until 2005, after which the response
becomes weaker in agreement with MIMAS. The magnitude
of the solar cycle IWC anomaly in SBUV and HALOE is of
the same order as the IWC anomaly in MIMAS. The IWC
anomalies of CIPS and SOFIE do not show a clear response
to the solar cycle. We notice that the year-to-year IWC vari-
ation in CIPS and SOFIE is larger than the IWC modulation
during a solar cycle.

IWC anomalies of SBUV and HALOE correlate well
with MIMAS IWC anomalies before 2005 and progressively
weaken afterwards. Liibken et al. (2009) found a good agree-
ment between NLC parameters calculated by MIMAS and
satellite observations. The general agreement between the
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Figure 3. Time series of July mean IWC anomalies at 68° N from
model and satellites based on Hervig et al. (2019). Anomalies for
each dataset are calculated as the difference from their long-term
mean. To reduce year-to-year variability, the time series of SBUV
and HALOE are smoothed using the sliding-average method of win-
dow size 3. Lya—solar-cycle modulation is shown in the bottom
panel.

main characteristics and trends of the ice layers in MIMAS
and the observations suggests that the microphysical and
photochemical processes in MIMAS cover the main pro-
cesses relevant to NLC formation (Liibken et al., 2009).

3.2 Effect of NLC on water vapour (H,O)

We calculated the zonal mean monthly averaged vertical pro-
files of H,O and temperature to investigate the impact of
NLC formation on the H,O profile. Figure 4 shows the verti-
cal HO profile averaged for July at 68° N latitude and given
at pressure altitudes z, = Hpln(po/p), where p is the pres-
sure of the model level, pg is the pressure at the surface, and
H), = Tkm is the pressure scale height. This figure illustrates
the effect of NLC formation on the background profile of
water vapour since the HyO profile with NLC differs from
that without NLC. In the presence of NLC, there is a reduc-
tion in the water vapour mixing ratio (dehydration) between
83-90km, i.e. in the region where the saturation ratio of wa-
ter vapour is larger than 1. An enhancement in water vapour
(hydration) is observed at altitudes between 79-83 km, where
the saturation ratio of water vapour is smaller than 1. An en-
vironment with a water vapour saturation ratio larger than 1
is supersaturated, meaning ice particles can grow under these
conditions, whereas a saturation ratio lower than 1 leads to
ice sublimation. The degree of saturation depends on the
background atmosphere’s H>O concentration and tempera-
ture. Ice particle formation starts at higher altitudes, where
the temperature is the lowest, and then it sediments down-
ward. During sedimentation, the ice particles grow by con-
suming H>O from the surrounding background, which de-
creases background H>O concentration. Then they approach
a region with a saturation ratio smaller than 1, where they

https://doi.org/10.5194/angeo-41-289-2023

temperature [K]
110 120 130 140 150 160 170

LI L L L
97.5F * == temperature
/" Thost
95.0F
92.5H
_90.0F
c [
=
N g7.5F
85.0F
82.5F
[ me H,0 ice
80.0 H,0 w/o ice
PR T T AN TR T SN A R N 1
0 2 4 6 8 10
H>0 [ppm]

Figure 4. Zonally and monthly averaged H>O and temperature pro-
files for July at 68° N from MIMAS with and without NLCs. The
doted red line represents frost point temperature. The blue lines
show the background H,O concentration with NLC, and the yel-
low lines show the H>O concentration without NLC.

sublimate, releasing the water vapour. This is the so-called
freeze-drying effect well discussed in a number of papers
(Hervig et al., 2003; Liibken et al., 2009; Bardeen et al.,
2010). The results in Fig. 4 illustrate the freeze-drying ef-
fect described above and also indicate that the effects of NLC
on H;O are not present below ~ 79 km and above ~ 97 km.
This is the novelty of the results in Fig. 4. This is because
the photochemical lifetime of water vapour below ~ 79 km
becomes larger than dynamical characteristic times, and dis-
tributions of water vapour become dynamically determined.
Above 97 km, the saturation ratio of water vapour is smaller
than 1; consequently, there is no NLC formation and conse-
quently no effect on water vapour.

3.3 Effect of solar-cycle-induced temperature and
photolysis changes on water vapour (H,0)

We investigate the temperature change between the solar
minimum (1997) and maximum (2002) due to solar irradi-
ance variation and how these changes affect the H,O profile.
Different model runs performed for this study are summa-
rized in Table 1. The differences (solar maximum — solar
minimum) for HO and temperature profiles are shown in
Fig. 5 for three model runs, namely E, F, and G. In run E,
the solar-cycle-induced temperature change and photolysis
influence H,O concentration. In run F, only the temperature
change caused by the solar cycle affects the H,O concentra-
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tion, while in run G, only the photolysis caused by the so-
lar cycle affects the H,O concentration (see Table 1). All of
these runs are performed with constant CO, and CH4 con-
centrations to avoid the effects of increasing GHG concen-
trations on temperature and H,O profiles.

In model run F, Ly« is held constant in MIMAS so the
photolysis of H,O is constant during the solar cycle. How-
ever, Ly (and other bands) varies in the LIMA model so the
background temperature varies with the solar cycle. There-
fore, the change in the HyO profile during the solar cy-
cle is only due to the influence of the solar cycle on tem-
perature and sequentially on microphysical processes. Fig-
ure 5a shows that the temperature increases during solar max-
imum compared to during solar minimum through the en-
tire altitude range (79-97 km). The difference in temperature
amounts to ~ 0.5-1.7 K with maximum values at ~ 95 km.
During solar maximum, increased solar irradiance leads to
greater absorption of solar radiation in the MLT region by
molecular oxygen and water vapour, which heats the back-
ground atmosphere. Temperature differences decrease as al-
titude decreases because the intensity of solar radiation de-
creases due to atmospheric absorption by molecular oxygen
and water vapour. The solar cycle effect in the H,O profile
with NLC (blue line) differs significantly from that without
NLC (yellow line). Without NLC, the H>O profile differ-
ence is nearly zero at all altitudes, indicating that the tem-
perature changes do not significantly affect the background
H;O profile in the absence of NLC. With NLC, the H,O pro-
file difference is positive in the altitude range of 82—87 km
and slightly negative in the range from 79—82 km. The atmo-
sphere is warmer during solar maximum; therefore, the ice
formation rate is lower during solar maximum. When the ice
formation rate decreases, the amount of water vapour con-
sumed from the background decreases; hence, more H,O
is left in the background during solar maximum compared
to during solar minimum, resulting in a slightly positive re-
sponse at NLC-forming altitudes above 83 km. Below that
altitude, the slightly negative response is due to reduced ice
formation in the nucleation region during solar maximum,
which decreases H,O released at ice sublimation altitudes.
The positive difference peak at ~ 83 km is located near the
bottom of the H,O-saturated zone. Ice formation and subli-
mation are more sensitive to an increase in background tem-
perature in this zone (where the degree of saturation is close
to 1) because, at these altitudes, the background temperature
is almost equal to the frost point temperature so an increase
in background temperature critically changes the degree of
saturation. The change of the background temperature in a
region where it is significantly lower than the frost point tem-
perature is not critical for the degree of saturation. Overall,
the temperature variation due to the solar cycle causes a posi-
tive H,O response to the solar cycle at ice formation altitudes
and a slightly negative response at ice sublimation altitudes.

In model run G (Fig. 5b), we consider only the effect of
solar-cycle-induced Ly« variation on water vapour photoly-
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sis. The background temperature is held constant. Photolysis
of H,O by Ly« radiation molecules mainly produces atomic
hydrogen (H) and hydroxyl (OH) in the upper atmosphere
(~90 %) and, to a lesser extent, O(} D) with molecular hydro-
gen (~ 10 %). The photolysis rate is higher during solar max-
imum due to the increased Ly flux caused by the increased
solar activity. Without NLC, the difference in the H,O pro-
file is negative at all altitudes (yellow line), indicating that
the background H,O is reduced during solar maximum due
to increased photolysis. Figure 5b shows that the negative
response peaks at an altitude of ~ 87.5km. The solar cycle
effect on the photolysis of H,O decreases above 87.5 km be-
cause the water vapour mixing ratio decreases with increas-
ing altitude. The solar cycle variation of the photolysis effect
decreases below 87.5 km because the solar Ly« radiation in-
tensity decreases.

With NLC (blue line), the H,O difference between the so-
lar maximum and the solar minimum is essentially negative
atice sublimation altitudes (below ~ 83 km) and negligible at
higher altitudes (above ~ 85 km). This is due to the redistri-
bution of the H>O profile during NLC formation (freeze dry-
ing). During solar maximum, the background H,O concen-
tration available for ice formation is reduced due to enhanced
photolysis. The lower H>O availability during solar maxi-
mum results in lower ice formation and, thus, lower H,O re-
lease during sublimation, leading to lower hydration in the
sublimation zone. For this reason, the solar cycle variation of
the photolysis effect is more pronounced at sublimation alti-
tudes. Above 85 km, the effect of photolysis, in the case with
NLC, is minimal because of the lower availability of H,O
due to dehydration by NLC.

Figure 5c shows a combination of both effects, namely
the solar-cycle-induced temperature change and photolysis
effects on H,O. Without NLC (yellow line), the H,O pro-
file shows a negative response at all altitudes, peaking at
~ 87.5 km similar to run G (Fig. 5b, yellow line). We found
that the variation of temperature has an almost negligible ef-
fect on the H>O in the absence of NLC (see Fig. 5a, yellow
line) so the negative response of water vapour without con-
sideration of microphysical processes (yellow line on Fig. 5¢)
is mainly caused by the photolysis effect. With NLC (Fig. 5c,
blue line), the combined effect of temperature and photoly-
sis has a slightly positive response to water vapour in the
ice formation zone (83—-89km) and a negative response in
the ice sublimation zone (80-83 km). The slightly positive
response is caused by the temperature modulation, and the
negative response is primarily due to the photolysis modula-
tion throughout the solar cycle.

The study proves that the water vapour response to the so-
lar cycle is affected by the re-distribution of water in the pres-
ence of NLC. There may exist regions with positive correla-
tions of water vapour with Lye when NLC formation occurs.
Without NLC, the water vapour always shows a negative cor-
relation with the solar cycle. When comparing the effects of
solar cycle modulations of temperatures and photolysis on
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H;O, the photolysis has a stronger effect on water vapour;
however, the variation of temperature induces a positive cor-
relation of solar irradiance and H,O.

4 Increasing greenhouse gases and reducing solar cycle

This section examines how the increase in GHGs affects the
H;O response to the solar cycle. To distinguish the GHG ef-
fects, we compared the model results with increasing CO»
and CHy (run A) to the model run with constant CO; and
CHy4 (run E). It is noted already that an increasing CO; con-
centration leads to a cooling of the middle atmosphere, and
an increase in CHy4 concentration leads to an increase in HyO
concentration (see Sect. 2 for details). In Fig. 2, the concen-
trations of CO; and CHy4 increase during the late period, and
at the same time, the peak of the Ly« flux decreases. In order
to filter out the effect of reduced Ly« intensity, we calculated
the H>O response profile per unit of Lye (AH>O / ALyw).
Figure 6 shows the result for the first (1997-2002, blue line)
and the second period (2008-2014, orange line) for model
runs E (Fig. 6a) and A (Fig. 6b) respectively. These profiles
show positive and negative responses depending on altitude.
Under the conditions of constant GHGs (run E), the sensitiv-
ity of water vapour to Lyx does not change from the early to
the late period (Fig. 6a). As expected, for the case of grow-
ing methane and carbon dioxide (run A), the sensitivity of
water vapour to Lyo increases during the late period (or-
ange line, Fig. 6b) compared to during the early period (blue
line, Fig. 6b). This is because an increase in CO; (and conse-

https://doi.org/10.5194/angeo-41-289-2023

quently, a temperature decrease) leads to an intensification of
microphysical processes and, hence, to the increased freeze
drying. In addition, increasing methane leads to more water
vapour in the upper mesosphere, which also leads to an in-
creased water vapour variation with solar cycle.

To study the effect of a decreasing Ly amplitude during
the late period (2008-2014), we calculated the ratio of water
vapour absolute deviations between solar minimum and so-
lar maximum for the early and late periods. The amplitude of
Ly« variation is weaker during the late period (~ 1.14 x 10!
[phot. cm~2 s~ '] per solar cycle) compared to the early pe-
riod (~1.85 x 10'! [phot.cm™2s~!] per solar cycle). The
intensity of Ly during the late-period solar maximum is re-
duced by ~ 40 % compared to during the early period. As can
be seen from Fig. 7a, the magnitudes of positive and negative
H,O responses decreased during the late period for model
runs with constant GHGs (run E). In Fig. 6a, we found that
the H,O sensitivity to Lya flux is the same in the early and
late periods for the model run with constant GHGs (run E).
Therefore, the reduced response of HyO during the late pe-
riod in model run E (Fig. 7a) is only due to the reduced solar
Lyo variation. Comparing the late-period H,O response to
the solar cycle from model runs with constant GHGs (Fig. 7a,
orange line) to that from model runs with increasing GHGs
(Fig. 7b, orange line) suggests that both the positive and neg-
ative peak responses are enhanced by increasing GHG con-
centration. Due to the increased solar Lyo flux and green-
house gases, the NLC and water vapour response are ex-
pected to increase during the current solar cycle 25 as the
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Ly« radiance has already exceeded the peak value of the pre-
vious solar cycle 24.

5 Missing HO-solar-cycle response

A recent study by Hervig et al. (2019) reported a missing re-
sponse in H,O concentration to the solar cycle after 2005.
In Fig. 8, we compare our model results of HyO anomaly
with the satellite observations. The H>O response is averaged
over the geometric altitudes of 80-85km at 68° N. For this
comparison, we used MIMAS run A, where the increasing
concentration of GHG is considered. The satellite observa-
tions are shown in Fig. 8 from HALOE, SOFIE, and MLS
according to Hervig et al. (2019). HALOE shows a strong
negative response to Lya (—1.7 ppmv per solar cycle) dur-
ing period 1, but in SOFIE and MLS, the response is almost
absent (+0.2 ppmv per solar cycle) during period 2 (Hervig
et al., 2019). For MIMAS, no clear HyO-solar-cycle anti-
correlation is noticed in the early period, but it was slightly
positive in the late period, in agreement with SOFIE and
MLS satellite observations. To investigate the H,O response
to Lya variation in more detail, we analysed the vertical H,O
response profile at geometric altitudes similar to the satellite
observations.

Figure 9 shows the vertical profile of H>O response in ge-
ometric altitudes for the model run with constant GHGs (run
E, Fig. 9a) and growing GHGs (run A, Fig. 9b). The mag-
nitude of the HyO response at geometric altitudes (Fig. 9)
differs from that at pressure altitudes (Fig. 7). This is be-
cause the geometric altitude of constant pressure levels is not
constant and varies throughout the solar cycle but also with
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time due to increasing GHGs. Therefore, the magnitude of
the H,O response differs when converted from pressure alti-
tudes to geometric altitudes.

We focus on the 80-85km geometric altitude range
(Fig. 9, shaded region). There are positive and negative H,O
response zones within this altitude range, similarly to Fig. 7.
We calculated the average H,O response over the 80-85 km
altitude range for MIMAS runs A and E, and this is given
in Table 2. For the model run with growing GHGs (run A),
the H>O response averaged over an altitude range of 80—
85 km changed from —0.01 ppm per solar cycle in the early
period to 0.10 ppm per solar cycle in the late period (see Ta-
ble 2). The H,O response in the late period becomes slightly
positive for run A, consistent with the satellite observations
of SOFIE and MLS (see Fig. 8). The vertical profile of the
H,O-solar-cycle response clearly shows that HoO response
to the solar cycle is not completely missing in the late pe-
riod. The missing response in the MIMAS H5O, as shown in
Fig. 8, occurred when averaging over the 80-85 km altitude
range. Figure 9 demonstrates that the H,O response shows
nearly equal positive and negative responses within the 80—
85km altitude range (shaded region). Therefore, averaging
the response in this altitude range becomes nearly zero as the
positive and negative responses cancel out each other. When
averaging over the altitude range of 80-82km in the early
period, we receive an H>O response of —0.71 ppm per solar
cycle and an anti-correlation between H>O and Lyc«. The re-
sults clearly shows that the small solar cycle response in MI-
MAS is a consequence of averaging over an altitude range
of 80-85 km. It suggests that averaging H,O response over
an altitude range containing positive and negative responses
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Table 2. The solar cycle H>O response averaged over 80-85 km geometric altitude at 68° N for model runs A and E.

Model run AH>O (ppm)/solar cycle (80-85km)

Early period Late period
MIMAS with constant CO, and CHy (run E) —0.11 —0.06
MIMAS with increasing CO, and CHy (run A) —0.01 0.10
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Figure 8. Time series of Lyo and H,O anomalies as monthly av-
erages for July at 68° N for the altitude range of 80-85km from
MIMAS run A and satellites (HALOE and the composite data
(MLS and SOFIE)). Satellite observations are according to Hervig
et al. (2019). The HoO-Ly« correlation is calculated for the early
and late periods (see inlet).

may not provide a detailed understanding of the H,O—solar-
cycle response.
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6 Conclusions

In this study, we used our ice particle model MIMAS along
with the atmospheric dynamics model LIMA to investigate
the response of H,O to the solar cycle from 1992 to 2018. We
investigated how NLC formation affects vertical HoO pro-
files by running model simulations with and without micro-
physics. NLC formations are shown to redistribute H>O pro-
files by consuming H,O from the background at ice-forming
altitudes (dehydration) and releasing it at ice-sublimating al-
titudes (hydration), which is known as the freeze-drying ef-
fect. To investigate the missing solar cycle response in satel-
lite observations reported by Hervig et al. (2019), we divided
the entire study period into an early period (1992-2005) and
a late (2005-2018) period. We first investigated how the Ly
variation affects the HyO profile between solar minimum and
maximum in the early period. The solar Lyw variation af-
fects the H>O concentration at NLC altitudes mainly in two
ways: through the effect of temperature change and through
the effect of photolysis. To distinguish these two effects, we
performed additional model simulations with different back-
ground conditions (see Table 1). We found that the modula-
tion of water vapour, which comes through the temperature

Ann. Geophys., 41, 289-300, 2023
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changes with the solar cycle, causes a slight positive H,O
response at ice-forming altitudes and a negative response at
ice-sublimating altitudes. The solar cycle photolysis effect
has only negative responses to the H>O profile, and this re-
sponse dominates at ice sublimation altitudes with NLC con-
ditions. Our results for the case of photolysis effect only are
supported by previous simulations, which also suggest that
freeze drying significantly reduces the potential effect of Lyc
photolysis on H,O above 82 km, while the effect is enhanced
at 80—82 km, where ice particles sublimate (von Zahn et al.,
2004; Liibken et al., 2009).

To the best of our knowledge, we have for the first time
identified a positive response of water vapour to Ly« varia-
tion in the MLT region, which is due to microphysical pro-
cesses. It was assumed for a long time that water vapour
only anti-correlates with the solar cycle at mesopause alti-
tudes (e.g. Sonnemann and Grygalashvyly, 2005, and ref-
erences therein). We should note that, in the Martian atmo-
sphere where microphysical processes play a crucial role in
water vapour distributions through the entire atmosphere in
all seasons (e.g. Shaposhnikov et al., 2018), this effect may
be important.

We have made a comparison between the model and satel-
lite observations of the H,O response to the solar cycle av-
eraged over an altitude range of 80—85 km. The satellite ob-
servations from HALOE show a strong anti-correlation with
the solar cycle in the early period, but the model shows a very
small response in both the early and late periods. The vertical
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H>O response profiles from MIMAS show that, within the
80-85 km altitude range, the positive and negative responses
are almost equal in magnitude and symmetric. Therefore, av-
eraging the response over this altitude range reduces the over-
all response in the model as positive and negative responses
cancel each other out.

We also investigated the role of increasing GHGs in the
H,O-solar-cycle response. From the early to the late period,
there are mainly two factors that affect the long-term H,O
solar cycle response: increasing CO, and CH4 concentra-
tions and the lower intensity of the solar cycle (see Fig. 2).
We found that increasing GHG concentration increased the
H,O response to Lyw. The Lyw intensity during the late solar
maximum decreased by 40 % compared to during the early
solar maximum. Therefore, the overall response of H,O to
the solar cycle is also decreased in the late period. It should
be noted that our results have limitations as they use con-
stant dynamics for all years. We are looking forward to a new
gravity-wave-resolving model for the investigation of the ef-
fects on changing dynamics due to changing GHGs and solar
activity.

Data availability. The satellite data shown in this paper are
reproduced from the paper by Hervig et al. (2019). Lyman-o
data are available at https://doi.org/10.25980/ZR1T-6Y72 (Machol
et al., 2023) from LASP. The data utilized in this paper can be
downloaded from https://www.radar-service.eu/radar/en/dataset/
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Abstract: Noctilucent clouds (NLC) are sensitive indicators in the upper mesosphere, reflecting
changes in the background atmosphere. Studying NLC responses to the solar cycle is important for
understanding solar-induced changes and assessing long-term climate trends in the upper meso-
sphere. Additionally, it enhances our understanding of how increases in greenhouse gas concentration
in the atmosphere impact the Earth’s upper mesosphere and climate. This study presents long-term
trends in the response of NLC and the background atmosphere to the 11-year solar cycle variations.
We utilised model simulations from the Leibniz Institute Middle Atmosphere (LIMA) and the Meso-
spheric Ice Microphysics and Transport (MIMAS) over 170 years (1849 to 2019), covering 15 solar
cycles. Background temperature and water vapour (H,O) exhibit an apparent response to the solar
cycle, with an enhancement post-1960, followed by an acceleration of greenhouse gas concentrations.
NLC properties, such as maximum brightness (Bmax), calculated as the maximum backscatter coef-
ficient, altitude of Bmax (referred to as NLC altitude) and ice water content IWC), show responses
to solar cycle variations that increase over time. This increase is primarily due to an increase in
background water vapour concentration caused by an increase in methane (CHy). The NLC altitude
positively responds to the solar cycle mainly due to solar cycle-induced temperature changes. The
response of NLC properties to the solar cycle varies with latitude, with most NLC properties showing
larger and similar responses at higher latitudes (69° N and 78° N) than mid-latitudes (58° N).

Keywords: noctilucent clouds; solar cycle; greenhouse gases; mesosphere; water vapour

1. Introduction

Noctilucent clouds (NLC), consisting of tiny ice particles, form about 80-85 km above
the Earth’s surface and are the highest atmospheric clouds. These clouds typically form
in the summer when temperatures in the mesopause region are very low, especially at
middle and polar latitudes [1,2]. NLC are rare, having only been observed in modern
times since the end of the 19th century [3]. By studying NLC, we can gain insight into
changes in the upper mesosphere and their potential implications for climate research [4-9].
The formation of NLC is a complex process that depends on several factors, including
background temperature and water vapour [6,10]. When the temperature in the mesosphere
falls below the freezing point of water (~150 K), water vapour can condense and form
ice particles, which are the building blocks of NLC. In general, the combination of low
background temperatures and sufficient water vapour concentrations creates favourable
conditions for forming NLC [1,3,4].

The 11-year solar cycle is one of the factors that can influence mesospheric temperature
and water vapour and thereby affect the formation and properties of NLC [11,12]. It is im-
portant to understand how the solar cycle relates to the characteristics of NLC to study how
they behave and affect the upper atmosphere. Numerous studies have been conducted on
the relationship between the 11-year solar cycle and the properties of NLC (e.g., [8,13-16]).
Satellite observations and model simulations are used to investigate the effects of the solar
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cycle on the background atmosphere and their impacts on NLC properties. A positive cor-
relation exists between the solar Lyman-alpha (Lyx) flux and the background temperature
at NLC altitudes. Depending on the altitude, the correlation can be positive or negative
for water vapour [17]. Studies have shown a clear anti-correlation between the solar cycle
Lyo and ice water content IWC) during solar cycles 22 and 23, but it decreases during the
recent solar cycle 24 [13,17]. Our previous study [17] found a clear anti-correlation between
Ly« flux and IWC in the model and satellite observations for solar cycles 22 and 23, which
becomes weaker in solar cycle 24. Moreover, the magnitude of the solar cycle-induced IWC
variations in Solar Backscatter Ultraviolet (SBUV) and Halogen Occultation Experiment
(HALOE) satellite observations is the same as the IWC variations in the MIMAS model. The
study showed that the reduced IWC response during solar cycle 24 is due to the reduced
variation of Lya during this particular solar cycle.

The observational data available for NLC trends are still quite limited, and little is
known about long-term trends and episodic changes in the background atmosphere at NLC
altitudes [7,9,11,18]. Therefore, there needs to be detailed studies or sufficient information
on the long-term evolution of the solar cycle response of NLC. Model simulations are
valuable tools to help us learn more about the changes in the NLC and the surrounding
atmosphere [19]. Long-term simulations of NLC by the MIMAS model from 1849 to 2019
are promising for studying solar cycle trends (covering 15 complete solar cycles) in the
NLC, as the model uses the solar Ly« flux as a proxy for solar irradiance [9,20]. Therefore,
by using the MIMAS model, the response of NLC properties to the solar cycle, such as ice
particle radius, IWC, the backscatter coefficient at a wavelength of 532 nm (8, from now
on referred to NLC brightness) and NLC altitude, can be studied over a longer period,
which is not possible with satellite observations due to measurement limitations. There
are studies [9,20] using the MIMAS model regarding the long-term trends in NLC and
the effects of increasing greenhouse gases (CO; and CHy) from 1871 to 2008. The results
show that some ice parameters’ time series significantly modulate with the solar cycle
(see Figure 3 in [9]). Since those studies aimed to investigate long-term trends in NLC,
the effects of solar cycle variation on NLC were excluded by averaging over half a solar
cycle [20].

In this study, we mainly focus on the impact of the 11-year solar cycle variation on
the properties of NLC during the period 1855-2019, relying on the model simulations used
in previous studies [9,20]. Compared to previous studies, this study includes an analysis
of long-term trends in the vertical distribution profiles of the background atmosphere,
including temperature and water vapour with and without NLC. In addition, we examine
trends in the vertical distributions of NLC properties that have not been explored before,
such as the number and radius of ice particles and NLC brightness. This paper aims to
address the following questions: (1) How do background temperature and water vapour
respond to the solar cycle, and what are the trends in their solar cycle response? (2) What
are the long-term trends in the vertical distribution of NLC properties? How do solar cycle
modulations influence them? (3) Which NLC properties are influenced by the 11-year solar
cycle, and how strongly are they influenced? (4) What influence does the long-term increase
in greenhouse gases have on the response of NLC properties to the solar cycle? (5) Is the
response of NLC properties to the solar cycle dependent on latitude, and how strong?
The following section briefly discusses the models used in this study. Section 3 presents
the results and discussion on the trends in the response of the background atmosphere
and NLC properties to the solar cycle, as well as the trends in their response to the solar
cycle under the influence of increasing greenhouse gases and for different latitudes. The
summary of our findings is provided in Section 4.

2. Model Description

Here, we only provide a brief description of the model setup, as a comprehensive
explanation of our modelling framework has already been discussed in detail in various
publications [9,20-23]. The overall model framework combines two models, namely the
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Leibniz Institute Middle Atmosphere (LIMA) model and the Mesospheric Ice Microphysics
and Transport (MIMAS) model. The basic idea of this modelling framework is to use LIMA
to model the background atmosphere under Northern Hemisphere conditions and then use
this background information in the MIMAS model to calculate the properties of NLC (see
Figure 1 in [20]). LIMA and MIMAS use daily Lyx data from the LASP Interactive Solar
Irradiance Data Center (LISIRD) as a representative measure of solar activity from 1961
to 2019 [24]. Before 1961, monthly sunspot numbers approximated Lyo values. In LIMA,
variations in Ly« flux account for atmospheric temperature variations, while in MIMAS,
changes in Ly flux cause photolysis of H,O.

LIMA is a global model that covers the altitude range from 0 to 150 km and in-
cludes key processes such as radiation, chemistry and transport [12,22]. At lower altitudes
(028 km), LIMA is nudged to the twentieth-century reanalysis data from NOAA-CIRES
(National Oceanic and Atmospheric Administration-Cooperative Institute for Research
in Environmental Sciences 20CR; [25]). In LIMA, the mixing ratios of ozone (28-65 km)
and carbon dioxide (28-150 km) change, whereas all other trace gases are constant. We
consider temporal and latitudinal fluctuations in the stratosphere and lower mesosphere
for ozone from 1961 to 2008 [12,26]. Before 1961, stratospheric ozone was kept constant
(according to 1961). The model’s carbon dioxide (CO,) concentration is based on a monthly
average time series from 1961 to 2019 measured at Mauna Loa (19° N, 155° W). Before
1961, historical CO, data from Antarctic ice cores were used [27]. In LIMA, the influence of
small-scale internal gravity waves is accounted for by a non-linear spectral gravity wave
parameterisation [28].

Climate change and the solar cycle most likely affect the atmospheric circulation
pattern in the mesosphere, which might affect the background conditions and gravity
waves (for example, [29]). Unfortunately, very little is known about the long-term effects of
these changes on the dynamic, thermal and compositional characteristics of the summer
mesopause region. Since considering these potential long-term impacts is highly specula-
tive, we decided to use a specific dynamic scenario from the representative year 1976 for
the entire period from 1849 to 2019. It is important to note that the conclusions from our
study are not influenced by the choice of this specific year. Consequently, this study does
not consider any potential influence of mean background winds and wave activity trends
on NLC [9,17,20].

MIMAS is a specialised 3D Lagrangian transport model that simulates ice particles
in the mesosphere and lower thermosphere (MLT) [9,17,20]. It calculates various NLC pa-
rameters from 10 May to 31 August and is restricted to mid and high latitudes (37°-90° N).
The model uses a horizontal grid resolution of 1° in latitude and 3° in longitude, with a
vertical resolution of 100 m, ranging from 77.8 to 94.1 km (163 levels). Below the lower
boundary of MIMAS, two factors determine the mixing ratio of H,O in the stratosphere:
first, the transport of HyO from the troposphere and second, the oxidation of methane
(CH4), where each CH,; molecule produces two H,O molecules. Through photochemical
processes, methane almost entirely converts into H,O in the mesosphere [9]. MIMAS as-
sumes a constant transport rate from the troposphere. Therefore, the increase in H,O occurs
mainly through methane oxidation. Therefore, we parameterise H,O as a function of CHy,
following the approach proposed by [9]. Please note that H,O sources and sinks due to
chemical reactions are not accounted for in MIMAS, which may lead to uncertainties in the
model-calculated H,O concentrations. The time series of CHy and CO; used in the model
simulations are shown in Figure 1. MIMAS contains about 40 million dust particles that can
serve as condensation nuclei. These dust particles originate from meteors evaporating in
the atmosphere (for more information, see [21,30]). Subsequently, these particles are coated
with ice in regions where H,O is supersaturated and transported by three-dimensional
and time-dependent background winds, eddy diffusion and sedimentation. Standard
microphysical processes, including the Kelvin effect, determine the nucleation and growth
of ice particles in MIMAS [4]. Please keep in mind that there are possible uncertainties
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regarding the number of dust particles available for condensation, as the accurate count of
dust particles generated from evaporating meteorites is not available.
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Figure 1. Time series of CO, and CH,4 concentrations (1849-2019) used in model runs.

This study uses three model runs: A, B and C. In run A, we increase both CO, and
CH4 (H,0). In run B, only the CO; concentration increases, while the CH4 concentration
remains constant. In run C, the CHy concentration increases while the CO, concentration is
constant. In this paper, the following symbols refer to these scenarios: CO,1, CHy 1 for run
A; CO, 1, CHy4¢» for run B; and CO, 4+, CHy?1 for run C. MIMAS output has a horizontal
resolution of 120 longitude bands (0°-360°) and 53 latitude bands (each 1° from 38° N
to 90° N). This study focuses on three latitudes in July: 58 & 3° N (referred to as “mid”),
69 £ 3° N (referred to as “high”) and 78 £ 3° N (referred to as “arctic”).

3. Results and Discussion
3.1. Solar Cycle Effects on Background Temperature

We studied the impact of CO, increases and solar cycle variations on the vertical
distribution of temperatures for 1849-2019. The time series of the temperature profiles
(Figure 2) shows that the profiles shift downwards over time.
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Figure 2. Time series of temperature profiles zonally averaged at 69° N latitude for July as a function
of geometric altitude.

This shift in profiles is due to atmospheric shrinking resulting from the cooling of
the middle atmosphere by increasing CO, [9,20]. Reference [9] examined the tempera-
ture trends for a fixed geometric altitude and a fixed pressure level (see Figure 1b in [9]).
The temperature has decreased by 7 K since 1871 for a fixed altitude of 83 km but not
significantly for a fixed pressure level. An increase in CO, leads to a decrease in tem-
perature in the stratosphere and lower mesosphere, mainly due to enhanced cooling by
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CO;, [12,23,31-33]. At NLC altitudes, this cooling leads to an altitude decrease in pressure
levels because the atmosphere in the lower and middle mesosphere shrinks due to CO,
cooling, referred to as the “shrinking effect”. The negative temperature lapse rate at NLC
altitudes causes the apparent cooling at geometric altitudes. The temperature decline at
83 km altitude accelerated after 1960, with the slope of the temperature trend line for the
period 1960-2008 (m;) being ~6 times larger than the slope of the temperature trend line
for the period 1871-1960 (my), due to an accelerated CO; increase. Temperature trends
calculated by LIMA are consistent with observations near 45° N latitude in summer, with a
cooling trend of 3 K/decade from 1979-1997 (see Figure 10 in [34] vs. Figure 1b in [23]).

The time series of the vertical temperature profiles clearly show the influence of the
solar cycle on the background temperature at all altitudes and reveal distinct 11-year
patterns in the profiles (Figure 2). During solar maximum, the increase in solar irradiance
leads to greater absorption of solar radiation in the MLT region by molecular oxygen
and water vapour, heating the background atmosphere. The temperature differences
of 0.5 K-2 K observed between solar maximum and minimum at NLC altitudes depend
on solar cycle intensity and altitude [17]. The temperature difference decreases at lower
altitudes as the intensity of solar radiation decreases due to atmospheric absorption [17]. In
summary, the results suggest that increasing CO, and solar cycle variations significantly
impact temperature profiles in the mesosphere and lower thermosphere.

3.2. Solar Cycle Effects on Background Water Vapour

The presence of water vapour in the upper atmosphere is mainly responsible for
forming NLC. NLC are created when microscopic particles in the atmosphere, such as
dust or debris, function as a surface for condensing water vapour. The saturation ratio of
air with water vapour is defined as S = Py0/Pjc., where Ppy;0 is the HyO partial pressure
(Crpo™ P), and Pj, is the saturation vapour pressure over a plane ice surface (Cp is the
water vapour mixing ratio). An environment with value S > 1 is supersaturated, meaning
ice particles can grow under these conditions, while S < 1 is subsaturated and leads to
ice particle sublimation. The formation of NLC involves the removal of water vapour
from the background atmosphere, known as the “freeze-drying effect”, and the release
of HyO at altitudes where NLC sublimates. Regarding trends of water vapour in the
middle atmosphere, there is no clear picture, even on decadal time scales [9,18]. There
are few studies of water vapour trends in the mid-latitude summer mesopause region.
Observations from the Solar Occultation For Ice Experiment (SOFIE) onboard NASA'’s
Aeronomy of Ice in the Mesosphere (AIM) satellite (Figure 6d in [35]) show that the H,O
mixing ratio has been around four parts per million volume (ppmv) in recent years, which
is in agreement with MIMAS as shown in Figure 1c (run A) in [9]. The recent study by [36]
suggests a water vapour trend of about 5% per decade at 52.5° N and 80 km, corresponding
to 0.175 ppmv per decade. This trend is consistent with trends calculated in MIMAS, which
show a rate of 0.15 ppmv per decade (see Figure 1c in [9]). However, it is unfortunate that
no information is available on the centennial evolution of temperatures or water vapour in
the upper mesosphere [9].

To investigate the effects of NLC formation on long-term water vapour trends, we
conducted model simulations with and without NLC formation while keeping the same
background conditions. The time series of the vertical water vapour distribution for
MIMAS runs A and C (with and without NLC) are shown in Figure 3. Without NLC, the
background H,O concentration increases with time at all altitudes in both run A and run
C. At higher altitudes, more water vapour became available than at the beginning of the
study period. This is due to increasing CH,, which leads to more H,O molecules forming
during the oxidation of CHy. The H>O enhancement in run A is slightly lower than in run
C for a given geometric altitude. This is due to the increasing CO, concentration in run A,
which causes atmospheric shrinking. Due to the negative H,O gradient with altitude, the
downward shift in profile leads to a decrease in H,O concentration for a given geometric
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altitude. Consequently, for a fixed geometric altitude, the increase in H,O background due
to CH,4 oxidation is somewhat less pronounced in run A than in run C.
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Figure 3. Time series of water vapour concentration as a function of geometric altitude zonally
(69° N) and monthly (July) averaged for (a) Run A without NLC, (b) Run C without NLC, (¢) Run A
with NLC and (d) Run C with NLC.

For H;O trends without NLC (Figure 3a,b), apparent effects of the solar cycle are
observed in the form of maximum and minimum at 11-year intervals. During solar max-
imum, the water vapour concentration decreases at all altitudes due to an enhancement
in photolysis caused by an increase in Ly« flux. For example, during solar cycle 23, the
negative response reaches its maximum at approximately 87.5 km altitude [17]. Above this
altitude, the impact of photolysis diminishes due to the decreasing mixing ratio of H,O,
while below this altitude, the decrease is attributed to the decreasing intensity of solar Ly«
radiation [17]. Comparing the figures with and without NLC (Figure 3, upper vs. lower
plots), the H,O profile with NLC differs from that without NLC. At NLC formation alti-
tudes (>~83-85 km), the H,O concentration decreases due to the removal of H,O during
the formation of ice particles, a phenomenon known as the “freeze-drying effect”. As a
result, the highest concentrations of H,O are found at the altitudes where NLC sublimation
occurs, which is approximately 1 km below the Bmax altitude (indicated by the solid black
line). The enhancement in H,O concentration at the sublimation altitudes amplifies the
response of HyO to the 11-year solar cycle at those altitudes. Moreover, in run A, the
background H,O profiles exhibit a downward shift over time, attributed to the atmospheric
shrinking caused by increasing concentration of CO;.

To investigate the long-term effects of increasing greenhouse gases on the solar cycle
response of HyO, we calculated the H,O response profile with NLC for runs A and C. For
this, first, we calculated the difference of H,O vertical profiles between solar maximum
and minimum for two solar cycles, one at the beginning (1902-1906) and one at the end
(2008-2014), which was then divided by the actual Ly« change between the solar maximum
and minimum of the corresponding solar cycle. It provides us with the vertical profiles
of water vapour response to a unit change in Ly« (i.e., absolute change in HyO for a unit
Ly« change, hereafter called the H,O response profile). Figure 4 shows the H,O response
profiles for runs A and C. In Figure 4a (run A), the H,O response profile shows positive and
negative values depending on altitude. According to [17], the solar cycle affects the H,O
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concentration in the upper mesosphere mainly in two ways: directly through the photolysis
and, at the time and place of NLC formation, indirectly through temperature changes. The
photolysis effect leads to an anti-correlation between the H,O concentration and the solar
Ly, even more pronounced at altitudes below ~83 km where NLC ice particles sublimate.
Above ~83 km, where NLC form, the H,O concentration correlates positively with solar
cycle Ly« variations. The reason for this positive response is that during solar maximum,
the background atmosphere becomes warmer due to higher solar activity, causing relatively
less ice formation compared to solar minimum. The lower ice formation rate leads to
less water vapour consumption from the background atmosphere, resulting in a relatively
higher HyO concentration left in the background during solar maximum compared to solar
minimum. For run C, there is no positive response of HyO due to the constant background
temperature used for all years. Comparing early and late solar cycles in runs A and C
shows that the magnitude of the H,O response profile has increased significantly in the
later solar cycle. This increased response in run A is due to an increase of CO, and CHy,
i.e., an increase in CO; leads to cooling of the background atmosphere, which leads to an
intensification of the microphysical processes at ice formation altitudes and thus more effect
on the magnitude of positive response. In addition, the increase in CHy4 leads to more water
vapour in the upper mesosphere, resulting in a higher background H,O concentration,
which, in turn, leads to a larger effect of photolysis on HyO at NLC sublimation altitudes. In
run C (Figure 4b), the magnitude of the negative response significantly increased during the
late solar cycle, mainly due to H;O enhancement by CHy. Further details on the mechanism
of the water vapour response to the solar cycle and the effects of increasing greenhouse
gases are better described in [17].
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Figure 4. H,O response per unit Lyx variations as a function of pressure altitude. (a) MIMAS run A
with increasing CO, and CHy; (b) MIMAS run C with increasing CH, and constant CO,.

3.3. Trends in Vertical Profiles of NLC Properties

In this section, we investigate the long-term trends in NLC properties as a function of
geometric altitude under different atmospheric greenhouse gas conditions (runs A, B and
C). Figure 5 shows the time series of vertical profiles for the number, radius and brightness
of ice particles. All these profiles are zonally and monthly averaged at latitudes 69 + 3° N.
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Figure 5. Time series of NLC properties (number of ice particles, ice particle radius and brightness)
as a function of geometric altitude, averaged monthly (July) and zonally at 69° N. The results are
shown for three runs (see insert). (a—c) Number of ice particles, (d—f) ice particle radius and (g-i) NLC
brightness. Only NLC above a brightness threshold (;;,, = 0.05) is considered while averaging.

The number of ice particles or the density of ice particles represents the total number of
ice particles in a cubic centimetre (cm~3). The trends in the vertical profiles of the number of
ice particles show that a significant proportion of the ice particles is located approximately
from ~86 km to ~89 km, and this number density decreases with decreasing altitude. The
temperature is lowest at higher altitudes around the mesopause height. Regarding water
vapouy, its concentration decreases with height and is notably low around mesopause
altitudes (see Figure 4). The extremely cold temperature at these altitudes causes these
regions to become supersaturated, even though the water vapour concentration is very
low. Consequently, the ice particles formed at higher altitudes are smaller in size. These ice
particles grow by absorbing more H,O from the background during sedimentation and
reach their maximum size before their sublimation, which occurs between 82 and 85 km
altitude. Regardless of the altitude where the maximum number of ice particles is found,
the maximum NLC brightness (Bmax) (Figure 5d—f) occurs at the altitude corresponding to
the maximum particle radius (Figure 5g—i). This is because the increase in the backscatter
cross-section is roughly proportional to the radius raised to the power of six (). As a result,
higher brightness is linked to larger particle radii, resulting in enhanced light scattering at
the altitude where the ice particles reach their maximum radius.

The radius of the NLC ice particles shows an increasing trend in runs A (Figure 5d)
and C (Figure 5f), while it does not increase significantly in run B (Figure 5e). This is
attributed to the increase in H,O concentration in runs A and C due to the increase in CHy.
The increasing availability of water vapour in the background promotes the growth of
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ice particles and leads to larger ice particle sizes. The ice particle size in run B does not
increase significantly because the H,O concentration does not increase due to the constant
CHy concentration. The temporal evolution of the NLC brightness also shows an apparent
increase with time for runs A (Figure 5g) and C (Figure 5i). In contrast, it does not increase
in run B (Figure 5h). This indicates that the brightness of NLC also increases due to an
increase in HyO concentration. It is also noted that the long-term changes in NLC properties
are more pronounced at the altitude of the maximum particle radius, especially around the
maximum brightness altitude (Bmax altitude) indicated by the solid black line.

In Figure 5, we can see the impact of the 11-year solar cycle on the vertical distribution
of the NLC properties. During solar minimum, the NLC radius and brightness are larger,
while during solar maximum, they are smaller. Less water vapour is available during
solar maximum due to increased photolysis and less ice formation growth due to higher
temperatures. As a result, smaller ice particles are formed, resulting in less brightness
during solar maximum compared to solar minimum years. This effect is visible at all
altitudes, with the most significant impact being at the maximum Bmax altitude. In runs
A and B, the solar cycle influences the lower and upper altitude limits of the NLC layers
and the Bmax altitude. These parameters respond to the solar cycle by shifting up during
the maximum and down during the minimum. In run C, conversely, where there is no
temperature change and constant CO,, the lower and upper altitude limits of the NLC
layers and the Bmax altitude show no significant response to the solar cycle. The mechanism
behind this is discussed in more detail in the next section.

3.4. Greenhouse Gas Effects on NLC Solar Cycle Response

This section analyses the trends in the response of different NLC properties to the
11-year solar cycle. We used MIMAS runs A, B and C to see how the increase in CO; and
CHy4 affects the solar cycle response of various NLC properties. We only considered the
middle of the summer season, i.e., July. We also applied a threshold in NLC brightness
(Biim = 0.05) to exclude non-NLC events while considering even small NLC events [26].
Figure 6a shows the time series of NLC altitude, herein defined as the Bmax altitude. The
lower panel of Figure 6a shows the time series of Ly. The NLC altitude decreases in
runs A and B due to COs-induced atmospheric shrinking. In run C, where only H,O
increases, the NLC altitude remains nearly constant [9,20]. The decrease in NLC altitudes
in MIMAS is consistent with long-term radio wave reflectivity altitude observations dating
back to 1959 (see Figure 2a in [23]). Figure 6a shows that run A and B show a significant
modulation in NLC altitude according to the solar cycle, while run C shows very small
modulation. In particular, the NLC altitude positively responds to the solar cycle by an
upward shift during solar maximum and a downward shift during solar minimum. This is
because the Earth’s upper atmosphere heats up during solar maximum due to the Sun’s
higher energy flux, which causes the background temperature to rise and the mesosphere
to expand. The rise in temperature shifts the lower altitude limit of the supersaturated
region (where S = 1) upwards, which in turn causes an upward shift of the NLC layers.
The slight positive response of the NLC altitude in run C is primarily due to the solar
cycle-induced photolysis effect on water vapour. The increase in H,O photolysis during
solar maximum reduces the background H,O. As the H,O concentration decreases, the
saturation ratio (S) decreases, which causes a slight upward shift of the lower altitude limit
of the supersaturated region (where S = 1). Compared to the photolysis effect on H,O, the
temperature changes have a larger impact on the saturation ratio ([21]) and, thus, on the
altitude range of the supersaturated region. For this reason, the NLC altitude response in
run C (constant temperature) is very small compared to runs A and B.

To investigate trends in the variation of NLC altitude to the solar cycle, we calculated
the response of the NLC altitude to a unit change in Ly« for each solar cycle. To do this,
we calculated the absolute difference in NLC altitude between the solar maximum and
minimum and divided it by the absolute Ly« difference between the corresponding solar
maximum and minimum. Figure 6b presents the time series of the response of NLC altitude
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for 15 solar cycles from 1855 to 2019. Before the 19th solar cycle (1954-1964), the response
of NLC altitude showed a relatively slow and gradual increase. However, after the 19th
solar cycle, there is an acceleration in the response of NLC altitude. After 1960, several
properties of NLC, including brightness, radius and IWC, experienced an amplification
due to the accelerated increase in greenhouse gas concentrations [9,20]. Therefore, we show
linear fit lines for the responses before and after the 19th solar cycle.
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Figure 6. (a) Time series of NLC altitudes (averaged for July and zonally at 69° N) from 1849 to 2019.
The results from three runs (A, B and C) are shown in the figure (see insert). The lower panel shows
the time series of the solar Ly« flux (unit: 10' yem=2s72) averaged for July. (b) Response of NLC
altitude to the unit change in solar Ly« during solar cycles between 1855 and 2019 (for example, solar
cycle 10 corresponds to 1855-1867, while solar cycle 24 represents 2008-2019). The three runs, A, B
and C, are shown (see insert) along with linear regression fits. The error bars represent the standard
error of the mean for the respective solar cycle years.

We also calculated the solar cycle response of maximum NLC brightness, IWC and
NLC occurrence (Figure 7). Figure 7a shows the time series of the solar cycle response
of maximum brightness for runs A, B and C. The maximum brightness shows a negative
response to the solar cycle variations, and its magnitude increases with time in all runs.
However, the magnitude of this increase is more pronounced in runs A and C than in
run B. This indicates that an increase in H,O content is the main factor for the increase
in the solar cycle response of NLC brightness. Compared to run C, the higher response
in run A can be attributed to the combined effects of CO; increase, temperature changes
and H,O increase. In contrast, run C uses constant temperature and CO; conditions for all
years. In run A, the negative response of maximum brightness increases from about —0.25
(10719 m~1sr=1 /unit Ly«) in the 10th solar cycle to —0.75 (10710 m~1sr~1 /unit Lya) in the
24th solar cycle.

Figure 7b shows an increasing trend in the magnitude of the response of INWC to the
solar cycle in all runs. During the 10th solar cycle, runs A and B have almost identical
magnitude of responses to the solar cycle, which are higher than those of run C. In the 22nd
solar cycle, the response of IWC to the solar cycle in run C exceeds that of run B. The results
suggest that both temperature variations and increasing H,O contribute to the increase in
the response of IWC to the solar cycle. However, the influence of H,O has a more significant
impact on the increased response of IWC than the effects of CO, and temperature. The
SBUYV satellite has provided the longest dataset of satellite observations for NLC from
1979 to the present, covering latitudes from about 55° N to 82° N in both the Northern
and Southern Hemispheres [13]. Our recent study [17] compared the IWC response of
MIMAS and SBUV. We found a good agreement in both the anti-correlation pattern and the
magnitude of the solar cycle-induced modulation. Moreover, the SOFIE/AIM instrument
measured a mean value of INC ~ 59 g/km? at mid-latitudes in July 2015, using a threshold
value of IWC > 40 g/km? (see Figure 3 in [35]). This perfectly agrees with the IWC values
from MIMAS, namely IWC ~ 58-59 g/km? (Figure 3c in [9]), using the same threshold
value. This agreement shows the potential of our model to study the response of IWC to
the solar cycle [17].
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Figure 7c presents the trends in the solar cycle response of the NLC occurrence rate.
The occurrence rate of NLC is calculated as follows: For July in each year, the total number
of latitude/longitude fields (referred to as “events”, Nyy) is determined by latitude fields
(6), longitude fields (120) and time windows of 6 h each (31 days x 4 per day = 124-time
steps), resulting in a total number of 89,280 events (Ny,.x). Whenever an ice layer occurs
(applying a given threshold in NLC brightness (Bji, = 0.05)) in a given latitude/longitude
bin and time segment in MIMAS, we call this an “NLC event”. The NLC occurrence rate is
calculated by dividing the number of NLC events by the total number of events (Nyqx). The
occurrence rate of NLC shows a negative response to the solar cycle. Figure 7c shows that
the response of NLC occurrence to the solar cycle is more significant when temperature
changes (runs A and B) compared to constant temperature (run C). This suggests that
solar cycle temperature variations significantly influence the NLC occurrence rate. This
is a consequence of the transition of NLC events to non-NLC events (from super- to sub-
saturation), which primarily depends on temperature variation, whereas water vapour
is of secondary importance [21]. The response is higher in run B than in run A. In run A,
the increase in water vapour leads to an increase in the saturation ratio of events. In run
B, where the background H,O remains constant, a considerable fraction of events have a
low saturation ratio close to one. Therefore, in run B, even a small increase or decrease
in temperature during solar maximum or minimum significantly impacts the saturation
ratio (S), affecting the transition of many NLC events from super- to sub-saturation and,
consequently, NLC occurrence.
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Figure 7. NLC properties response to a unit change in solar Ly at 69° N during solar cycles between

1855 and 2019. Results are shown for three runs, A, B and C (see insert). Error bars indicate the

standard error of the mean during respective solar cycle years. The figures are shown for (a) maximum

brightness, (b) INC and (c) NLC occurrence rate, with a threshold value of By;;,, = 0.05 applied.
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We find that the response of the NLC occurrence rate after the 19th solar cycle in runs
A and C remains roughly constant or decreases slightly. This is because, after the 19th solar
cycle, the accelerated increase in carbon dioxide (CO,) contributes to the cooling of the
upper mesosphere, and the increase in methane (CHy) leads to higher concentrations of
water vapour. Consequently, more “events” become “NLC events”, and the saturation ratio
(S) of these NLC events becomes large. In such cases, the variations in background H,O
and temperature caused by the solar cycle have little effect on the transition of NLC events
from super- to sub-saturation, as the saturation ratio is already very large (S >> 1). For this
reason, the response of the occurrence rate of NLC decreases slightly from the 19th solar
cycle onwards. It is important to note that the results may vary with a different By;,,. For
example, the IWC and NLC occurrence rate trends can differ significantly depending on
the Bjim, applied (see Figures 9 and 10 of [20]).

3.5. Solar Cycle Response of NLC at Different Latitudes

In this section, we investigate how the response of NLC to the solar cycle varies with
latitude. For this study, we used MIMAS run A only and calculated the response of NLC
properties at latitudes 58 & 3° N (middle), 69 + 3° N (high) and 78 + 3° N (arctic). Figure 8
shows the time series of the solar cycle response of different NLC properties at middle,
high and arctic latitudes. The trends in solar cycle response of NLC altitude, maximum
brightness and IWC are larger and similar at high and arctic latitudes compared to those
at mid-latitudes. The study on NLC trends by [20] also shows that most NLC parameters
behave similarly at high and arctic latitudes.
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Figure 8. NLC properties response to a unit change in solar Ly« during solar cycles between 1855 and
2019. Results are shown for three latitudes (see insert). Error bars indicate the standard error of the
mean during respective solar cycle years. The figures are shown for (a) NLC altitude, (b) maximum
brightness, (c) IWC and (d) NLC occurrence rate, with a threshold value of By, = 0.05 applied.

In Figure 8a, the NLC altitude positively responds to the solar cycle. As already
explained, the primary factor influencing the response of NLC altitude is the temperature
change caused by the solar cycle. The temperature response to the solar cycle varies with
latitude. During periods of high solar activity, the mesospheric temperature generally
increases. This response is usually weaker at mid-latitudes than at higher latitudes, as
solar radiation penetrates the mesosphere more directly at higher latitudes, leading to
greater warming. In contrast, solar radiation at mid-latitudes has a relatively weaker
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influence on the mesosphere temperature. The lower response of NLC altitudes to the solar
cycle at mid-latitudes can be attributed to the lower temperature response at mid-latitudes
compared to high and arctic latitudes. In Figure 8a, the increase in response (the slope of the
regression lines) at mid-latitudes is almost similar to that at high and arctic latitudes. The
similarity of the trends in NLC altitude response at all latitudes results from the fact that
the temperature trends at NLC altitudes are almost independent of latitude (see Figure 2
in [12] and Figure 7a in [20]).

For maximum brightness and IWC (Figure 8b,c), the response is significantly higher
at high and arctic latitudes than at mid-latitudes. As we have already discussed, H,O is
the main factor influencing the changes in NLC brightness and IWC. At high and arctic
latitudes, the extremely low temperatures in the mesopause region in summer and the
relatively high water vapour concentrations lead to a larger saturation ratio [37]. Due to
these favourable background conditions, more NLC are formed, and NLC brightness and
IWC show a significant response to the solar cycle at high and arctic latitudes.

The response of NLC occurrence to the solar cycle is very large at mid-latitudes
compared to high and arctic latitudes (Figure 8d). Due to the lower temperatures and
relatively high water vapour concentration, the saturation ratio and occurrence rate of
NLC are greater at high and arctic latitudes (>80%) than at mid-latitudes (30-60%) (see
Figure 10a in [20]). Due to this high saturation ratio of NLC events, the temperature and
water vapour changes during the solar cycle need to be more significant to transition from
super- to sub-saturation of many NLC events. In mid-latitudes, on the other hand, where
NLC occur less frequently due to warmer temperatures (close to frost point temperature)
and less water vapour, temperature changes play a critical role in the degree of water
vapour saturation. Thus, even slight variations in temperature and water vapour caused by
the solar cycle can significantly impact the occurrence of NLC in mid-latitudes. This is why
the response of NLC occurrence to the solar cycle is more significant at the mid-latitudes.
However, after 1960, this response of occurrence rate at mid-latitudes started to decrease
due to accelerated cooling by CO, and increasing H,O, which increases the saturation
ratio of events. Therefore, the effect of the solar cycle started to decrease in the NLC
occurrence rate at mid-latitudes after the year 1960. In the future, due to further increases in
greenhouse gases, NLC occurrence will increase further, and we expect to see a diminishing
solar cycle response of NLC occurrence at all latitudes.

4. Conclusions

Anthropogenic emissions of CO, and CHy have been increasing over time, with the
rate of increase accelerating since 1960. These effects are largely associated with climate
change due to their global warming potential. However, in the upper atmosphere, the
effects are different. An increase in greenhouse gases leads to a cooling of the upper meso-
sphere because of an increased escape of infrared photons into space (Luebken et al., 2018).
Nevertheless, the implications of this for the upper mesosphere are poorly understood
due to difficulties and limitations in measuring atmospheric properties. NLC have been
proposed as a key tracer in the summer mesopause region due to their high sensitivity to
background atmospheric conditions, including temperature, water vapour concentration
and dynamics. Therefore, NLC have been used as the primary indicator of changes in the
upper mesosphere and have been the subject of several studies [9,20,38-44]. In this study,
the long-term trends in the response of NLC properties and the background atmosphere
to the solar cycle are investigated during the period 1849-2019 (see also Supplementary
Materials), which covers 15 complete solar cycles (solar cycle 10 to solar cycle 24). We
summarise our results by answering the questions raised in the introduction as follows:

(1) Background temperature and H,O show an apparent response to the solar cycle
throughout the study period, which intensified after 1960 due to increased greenhouse
gas emissions. The temperature response at a given geometric altitude increases due
to atmospheric shrinking caused by increased CO,. The increase in the response of
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water vapour to the solar cycle is mainly due to the increase in CHy, which leads to
the production of more H,O through oxidation.

(2) We found solar cycle responses in the vertical distribution profiles of ice particle num-
ber, mean radius and NLC brightness. The solar cycle influence is present at all alti-
tudes and peaks at the altitude of maximum NLC brightness. The magnitude of the ice
particle radius and brightness response increases with time, mainly due to the increase
of HyO, while the downward shift of the profiles is due to atmospheric shrinking.

(38) The properties of NLC, such as maximum brightness, mean radius of ice particles,
IWC and occurrence rate, respond to the solar cycle, and these responses increase
with time mainly due to an increase in water vapour. The response in NLC altitudes
occurs mainly due to solar cycle-induced temperature variation. The upward shift
in NLC altitudes is due to the expansion of the atmosphere due to increased heating
during solar maximum.

(4) The enhancement in response of NLC brightness and ice water content IWC) to
the solar cycle is primarily due to an increase in CHy, which leads to an increase
in HyO. On the other hand, the increase in response of NLC altitude is due to an
increase in CO,, which leads to a larger response of the background temperature to
the solar cycle.

(5) The solar cycle response of NLC properties differs at different latitudes. NLC height,
maximum brightness and ice water content are more responsive at high and arctic
latitudes and show a similar trend. However, NLC occurrence is less responsive at
high and arctic latitudes but much more responsive at mid-latitudes. The saturation
ratio of NLC events is higher at high and arctic latitudes, while they are relatively low
at mid-latitudes due to higher temperatures and lower water vapour concentrations.
Consequently, temperature and water vapour variations during the solar cycle have
a greater influence on the occurrence of NLC at mid-latitudes than at high and
arctic latitudes.

We found that the increase in greenhouse gas concentrations is primarily responsible
for the enhanced response of noctilucent clouds to the solar cycle, illustrating the impact
of increasing anthropogenic emissions on temperature and water vapour concentration in
the upper atmosphere. Given the important role that the solar cycle plays in the Earth’s
atmosphere, a detailed understanding of its impact on the upper mesosphere is crucial
for improving climate modelling. For example, the response of H,O to the solar cycle
under NLC conditions shows a positive value at NLC-forming altitudes and a negative
value at NLC-sublimating altitudes. This information could be taken into account in future
developments of atmospheric models, especially for the chemical component, as water
vapour plays an important role in the chemistry of the upper mesosphere. In addition,
NLC are located at transition altitudes from the atmosphere to space, which are critical for
satellites. The changes and enhancements in NLC properties could provide observational
evidence of changes in the atmosphere at hard-to-measure altitudes. All these results show
that climate change is more pronounced in the upper mesosphere, which can be directly
observed from Earth through NLC. Consequently, these results point to the need to reduce
greenhouse gas emissions by taking action and implementing appropriate strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos15010088/s1, Table S1. A table presenting the definitions
of technical terms used in the article; Figure S1. Time series of background temperature and H,O at
the maximum brightness altitude for three different latitudes (58° N, 69° N, and 78° N) spanning
the years 1849 to 2010; Figure S2. Time series of NLC properties (see y-axis label) for three different
latitudes (58° N, 69° N, and 78° N) spanning the years 1849 to 2010.
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Absorption of Solar Radiation by Noctilucent Clouds in a
Changing Climate
Franz-Josef Liibken' ©', Gerd Baumgarten', Mykhaylo Grygalashvyly', and Ashique Vellalassery”

"Leibniz Institute of Atmospheric Physics, Kiihlungsborn, Germany

Abstract The expected increase in climate change related methane emissions will result in an increase in
middle atmospheric water vapor abundance. This will in turn amplify the brightness of noctilucent clouds
(NLC). To examine how NLC will impact the absorption of solar radiation, we utilized both an atmospheric
background model and a microphysical model spanning the period from 1950 to 2100. At a latitude of 69 + 3°N,
UV absorption at 1 = 126 nm is projected to rise from ~3% to ~7%. In specific regions, the absorption may spike
to approximately 30% by the year 2100. In the visible spectrum, we observe an absorption increase from
0.0030% in 1950 to 0.020% by 2100. Local absorption reach up to 0.35% by the year 2100. These trends are
similar at 79 =+ 3°N, but are smaller at 58 £ 3°N. Future average absorptions are comparable to solar cycle
fluctuations, but local increases are significantly more pronounced. The ice mass contained in NLC is projected
to surge from 677 to 1871 tons between 1950 and 2100.

Plain Language Summary Noctilucent clouds (NLC) consist of water ice particles and appear in
the summer season in the upper mesosphere at high/middle latitudes where temperatures are very low.
Methane is photochemically converted to water vapor in the middle atmosphere. Therefore, the future
increase of methane concentration will lead to an increase in water vapor, and to an enhancement of NLC
occurrence and brightness. We apply an atmospheric background model and a microphysical ice particle
model to study the associated absorption of solar radiation. At 69°N mean absorptions in the UV will
increase from ~3% to ~7% from 1950 to 2100, respectively. Locally, the absorption can increase to ~30%
in 2100. In the visible (4 = 532 nm) the corresponding numbers are 0.0030% (1950) to 0.020% (2100), that
is, an increase by a factor of ~7, and local maxima up to 0.35% in 2100. Mean absorptions are comparable
to variations throughout a solar cycle, but may locally be much larger. Effects on the photochemistry are
therefore expected. The total amount of ice mass bound in NLC also increases with time, namely from 677
tons in 1950 to 1871 tons in 2100. NLC will be easier to observe by naked eye, that is, they will be more
frequent and brighter.

1. Introduction

Noctilucent clouds (NLC) consist of water ice particles and appear in the summer season in the upper
mesosphere at high and middle latitudes where temperatures are very low (e.g., Gadsden & Schroder, 1989,
and references therein). There is a long standing scientific dispute, if or not NLC are indicators of climate
change, where an unequivocal proof by observations is still pending (see, for example, Berger &
Liibken, 2015; Fiedler et al., 2017; Pertsev et al., 2014; Russell III et al., 2015; Thomas, 2003). Results on the
future development of NLC have recently been published by Yu et al. (2023), but a zero-dimensional model
was applied for NLC and no extinctions were calculated. It is generally assumed that the optical thickness of
these clouds is on the order of 107 or less, that is, too small to cause a significant extinction of solar radiation
(e.g., Kokhanovsky, 2005). It has been shown in previous studies that the main reason for an increase of
extinction by NLC is given by an increase of water vapor which is expected to grow in the middle atmosphere
due to enhanced emissions of methane (in the troposphere) which is photochemically converted to water vapor
in the middle atmosphere. In this paper, we study the extinction of solar radiation by NLC at various
wavelengths in a future climate scenario with increasing methane. We use the atmospheric background model
LIMA (Leibniz Institute Middle Atmosphere Model) and a microphysical model of ice particle formation
called MIMAS (Mesospheric Ice Microphysics And tranSport model). Various results on the historical NLC
development based on LIMA/MIMAS are described in Liibken et al. (2021), hereafter referred to as LBB21,
and references therein.
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Figure 1. Concentration of methane in the troposphere (blue) as used in LIMA/MIMAS, including future projections taken
from IPCC (red). Green dots: total ice mass bound in NLC particles (right axis).

2. Model

For the background atmosphere we use the global model LIMA which is nudged to the real atmosphere at lower
heights. LIMA is a fully non-linear, global, and three-dimensional model extending from the ground to the lower
thermosphere (0-150 km), taking into account major processes of radiation, chemistry, and transport (see
Berger, 2008; Berger & Liibken, 2011; Berger & von Zahn, 2002, for more details). LIMA has extensively been
validated by comparison with observations (see, for example, Hervig et al., 2016; Liibken et al., 2021). Most
important, LIMA nicely reproduces the low temperatures being typical for the middle/polar summer mesosphere.
For this study we use background conditions from a representative year (1982) for all years, that is, the dynamical
forcing of the upper mesosphere/lower thermosphere is kept constant for all years. In MIMAS the formation of ice
particles is determined by investigating the fate of a total of 40 million dust/ice particles which results in the full
size distribution (i.e., the number of particles within a given size bin) which is then used to calculate extinction
coefficients. In some models, only the mean ice particle radius is available, which requires to assume a theoretical
size distribution. Since the optical properties vary roughly as r° (+ = radius), errors in the assumed distribution can
introduce significant errors in extinctions.

In MIMAS the interaction of ice particles with background water vapor is considered, including freeze drying. In
this study, we consider an increase of methane only (leading to an increase in water vapor as described in LBB21),
that is, keeping temperatures and dynamics constant (note that changing H,O causes a very small temperature
change which can be neglected in this context). We have shown in previous papers that the increase of optical
parameters such as brightness and extinction is nearly entirely given by an increase of H,O, whereas a decrease of
temperatures (caused by an increase of carbon dioxide) plays a minor role. Note that microphysical effects
perhaps play a key role in this behavior (see, for example, Figure 3 in Liibken et al. (2018)). We realize that
temperature changes are considered to be more important for NLC in other models, which, however, do not
include microphysical processes (see, e.g., Hervig et al., 2015). In previous studies we have presented various
comparisons of results from LIMA and MIMAS with ground based and satellite borne observations and found
excellent agreement (see, e.g., Liibken et al., 2021; Vellalassery et al., 2023; Schmidt et al., 2018, and references
therein). In Figure 1 we show the temporal behavior of methane concentration in the troposphere used in MIMAS.
The expected future development is based on IPCC AR4. More specifically, we use the RCP 8.5 scenario as
described in Riahi et al. (2011) because here the methane concentration is increasing with time, which is not the
case for some other scenarios.

For computational reasons we use LIMA/MIMAS model results from selected years in the period 1950 to 2100.
Furthermore, we consider the core of the NLC season only, namely the month of July. As in LBB21, we study
three latitude bands, namely 58 £ 3°N, 69 + 3°N, and 78 + 3°N, respectively. In total there are 89,280 columns
per year in each latitude band, since there are 6 latitudes, 120 longitudes, 31 days, and 4 time-steps per day. Note
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Figure 2. Extinction coefficients as a function of wavelength for (mono-dispers) particle radii as given in the insert (in nm,
various colors). The vertical lines mark wavelengths where we have calculated extinctions by the NLC layer.

that the ice layer and related optical parameters may vary substantially from column to column. We have
considered the large solar zenith angles at high latitudes in summer (we have used y = 80° as a representative
value) by increasing the optical depths and related parameters by a factor of 5.76, that is, 1/cos y approximating
the Chapman function. Schmidt et al. (2018) have performed a systematic comparison of observations by lidar
and from satellites with LIMA/MIMAS. They showed that radii in the model where slightly but systematically too
small. We have adopted their results and increased all radii in LIMA/MIMAS by a factor of 1.35 and consequently
the optical parameters by a factor of 1.35°.

The extinction coefficient (“cross section”) o(r, A) (units: m?) is a function of particle radius r and wavelength 4. It
is needed to calculate the optical depth dr for a given wavelength 4 traversing a layer at height z with a geometrical
thickness dz:

de(z,r,A) = o(r,A) - dz- dN(z,r,dr) [/] (€))

where dN(z, r, dr) is the number density of particles at height z with radius between r and r + dr. The total optical
depth (1) is determined by integrating over all radii. The amount of solar light with wavelength 1 passing the
layer (relative to the incoming intensity) is exp(—7), and the relative attenuation is a = 100 - (1 — ¢™") (in %). For a
ground-based lidar the backscatter coefficient f determines the amount of laser light being backscattered. In
MIMAS, backscatter coefficients and optical depths are determined for every box, that is, at all altitude layers, at
all latitudes/longitudes, and at all time-steps. The effect of several boxes is given by summation over all 7.

In Figure 2 we show extinction coefficients as a function of wavelengths for mono-dispers particles with given
radii. In a significant part of the spectrum in the visible and infrared (i.e., between roughly 200-1000 nm) the
extinction coefficient varies as A~ for a given radius, and approximately as r° for a given wavelength. This
implies that (a) the size of the NLC particles is crucial for the total extinction, and (b) the absorption of solar
radiation generally decreases rapidly with increasing wavelength. This is no longer true for wavelengths larger
than ~1000-2000 nm, and for radii smaller than ~200 nm. Mie calculations were performed assuming mono-
dispers spherical ice particles applying the wavelength dependent refractive index values from Warren and
Brandt (2008). We apply the approximation of spherical particle shape, that is, ignoring potential non-sphericity,
mainly to avoid further complications and to facilitate comparison with other global scale models. The resonances
with a major peak at ~3000 nm are due to vibrational excitation of OH.

3. Results

In Figure 3 the relative occurrence frequencies of maximum backscatter coefficients (f,,,,) from LIMA/MIMAS
are presented for a given year (2000) considering all columns in the latitude band 69 + 3°N. Observational results
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Figure 3. Relative frequency of occurrence (in %) of (i) maximum backscatter values (f,,,,, blue crosses) from LIMA/
MIMAS in all columns in a given year (2000) in July in the latitude band 69 + 3°N, and (ii) f,,,,,-values from the ALOMAR
RMR lidar at 69°N during 1-31 July from the years 1997-2020 (green dots). Both data sets are for a wavelength of 532 nm.

of f..« from the ALOMAR Rayleigh-Mie-Raman (RMR) lidar at 69°N for the years 1997-2020 are shown for
comparison (both for the month of July only). A description of the NLC data set obtained from this lidar is
presented in Fiedler et al. (2017). Note, that lidar data were averaged over 15 min which eliminates very bright
NLC. The idea is to characterize the variability of NLC brightness (expressed as f,,,) from spatial (LIMA/
MIMAS) and temporal (ALOMAR) coverage. Note that there are “only” a few thousand NLC events in 24 years
measured by the lidar, partly because of constraints due to bad weather and/or other operational limitations. This
implies that an occurrence frequency of 0.01% (the lower end of the LIMA/MIMAS distribution in Figure 3)
corresponds to less than 1 event(!) in 24 years for the lidar.

As can be seen from Figure 3 the relative distribution of f,,.-values from observations and from the model are
very similar which supports the idea that particle size and number density distributions in LIMA/MIMAS are
rather realistic, which is then also true for extinction coefficients and attenuations.

In Figure 4 we present a frequency distribution of attenuations from various years at 69 + 3°N for a wavelength of
A =200 nm where we have considered boxes only where radii are larger than 2 nm to avoid mixture with dust
particles. We have chosen 200 nm since this allows a fairly easy extrapolation to larger wavelengths and the
extinction is similar to the maximum around 3000 nm (see Figure 2). From Figure 4 we can identify how often
(i.e., in how many columns) a given attenuation appears in a given year, relative to the total number of columns
(=89,280). For example, in 2080 and 4 = 200 nm an attenuation of 2% appears in ~6% of all columns. Or, the
chance to have attenuations of 3% (at A = 200 nm) increases by a factor of roughly 300 from 2000 to 2040. As
expected, the distributions shown in Figure 4 drop off less rapidly for future years, that is, larger attenuations
appear more frequently. Note that nearly all columns are filled with ice particles which is consistent with the
observation that PMSE (polar mesosphere summer echoes) are present at polar and arctic latitudes in summer
nearly all the time (Latteck et al., 2021). Note that PMSE are much less sensitive to ice particle radii compared to
NLC. If we limit the occurrence frequency to larger than 1%, the maximum attenuations are roughly 2%, 2.7%,
and 4.2% in 2000, 2040, and 2080, respectively. In the visible (4 = 500 nm, for example) these values decrease by
a factor of roughly (500/200)* = 39. For comparison, we also show in Figure 4 the frequency distribution for
A =126 nm in the year 2080, again for 69 + 3°N. As can be seen, the distribution extends to much larger at-
tenuations compared to 4 = 200 nm which demonstrates again that extinctions and attenuations increase rapidly
with decreasing wavelengths (see Figure 2).
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Figure 4. The relative occurrence frequency of attenuations at 69 = 3°N from various years (see inlet) for a wavelength of
A =200 nm (dots). The values for A = 126 nm (black, crosses, 2080 only) demonstrate that attenuations are increasing rapidly
for decreasing wavelengths. The inlet also lists the mean attenuations (<... >) in %.

In Figure 5 the long-term evolution of mean optical thickness and attenuation is shown for 4 = 126 nm at
69 + 3°N. The values are determined as follows: for a given year, extinction coefficients 7, ; , are available at all
imax = 124 time-steps, j.« = 6 latitudes, and k,,, = 120 longitudes. First, the mean extinction coefficient 7; at
each time-step i is determined, averaging over all latitudes/longitudes but only where NLC are present. Then the
mean over all time-steps 7; in a given year is calculated, as well as the standard deviation of the mean and the
maximum and minimum values. Thus, the vertical bars and the dashed lines in Figure 5 indicate the temporal

max

variability of the attenuations. Furthermore, the maximum of all values in a given year 7;;, is shown, called
“grand maximum”. As can be seen from Figure 5, mean absorptions at A = 126 nm increase from ~3% to ~7%
from 1950 to 2100, respectively. The mean variability is on the order of a factor of two. Locally, the absorption
can increase up to 30% in the year 2100. In the visible (532 nm, not shown) mean attenuations increase from
0.0030% (1950) to 0.020% (2100), that is, by a factor of ~7. Locally, maximum values can reach up to 0.35% in
2100.

T T T T

® grand maximum 1
A L
¢
kS >
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< c
_ (@)
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qé - wavelength: 126 nm
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Figure 5. For each selected year the mean extinction coefficients (left axis) and attenuations (right axis) are shown at

69 + 3°N. First, we average the extinction coefficients from all columns (only where NLC are present) at a given time-step.
Then we take the extinction coefficients from all time-steps and determine the mean (dots), standard deviation (bars), and the
maximum and minimum values (dashed lines). Furthermore, the maximum extinction coefficient from all columns (before
averaging) is shown (red line, “grand maximum”). See text for more details.
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4. Discussion and Conclusion

We have also studied future extinctions etc., at other latitudes and find similar results (compared to 69 + 3°N) at
78 £ 3°N, but significantly smaller values at 58 £ 3°N (not shown). The total amount of ice mass bound in NLC
also increases with time, namely from 677 tons in 1950 to 1259 and 1871 tons in 2050 and 2100, respectively,
where the largest fraction (typically 80%—-90%) stems from north of 60°N (see Figure 1). The increase of ice mass
strongly correlates with the concentration of methane (correlation coefficient: 0.98), where each additional ppbv
of methane increases the ice mass by approximately 0.5 tons. The ice water content, that is, the ice mass in a given
column, increases correspondingly.

Note that the relative increase of extinction and attenuation with time (see Figure 5 for A = 126 nm) is significantly
stronger at larger wavelengths (1 = 532 nm, for example) where the extinction is roughly proportional to 15,
whereas the dependence on radius is weaker at 126 nm because the Rayleigh scattering condition A/2zr >> 1 is no
longer valid. We have checked the results for consistency. For example: the variation of ice mass (~r) and
attenuation (~r6) are consistent, since (for the years 2100 and 1950) we have (1871 tons/677 tons)“3 ~1.40 and
(for 2 = 532 nm) we get (0.02056%/0.00301%)"/® ~1.38, which are surprisingly similar when we consider that we
have ignored various factors complicating such a comparison.

In order to judge the importance of the solar radiation absorption by NLC we compare with the variability due to
the solar cycle, all of which vary substantially with wavelengths. For example, in the visible the solar cycle
variation is roughly 0.1% (see, for example, Figure 3 in Gray et al. (2010)). We have repeated the trend calcu-
lations shown in Figure 5 for A = 532 nm and find for the year 2100 mean absorptions of 0.02% and (grand)
maximum absorptions of ~0.35%. The latter implies that in certain areas the maximum absorption by NLC in the
visible as expected for 2100 is significantly larger compared to the variation throughout a solar cycle. In the UV
(4 =126 nm) the variations are several tens percent, both during a solar cycle and for the maximum absorption by
NLC (see Figure 5).

The absorption of solar radiation by NLC will presumable affect photochemical processes at lower heights, in
particular those related to odd oxygen. We realize that most of the involved reaction mechanisms are non-linear
which means that a sophisticated analysis is required to make quantitative predictions. The same applies for
positive feedback mechanisms, which are currently ignored: the absorption of solar UV radiation leads to less
dissociation and higher concentrations of water vapor, which leads to more and larger ice particles, which in turn
leads to more absorption of solar radiation. In summary, it is likely that the absorption of solar radiation by NLC
will affect the photochemistry in the mesosphere and stratosphere. To make more quantitative statements requires
sophisticated modeling which is beyond the scope of this paper.

Last but not least, based on our previous studies on the impact of methane on the morphology of NLC, we can
expect that for ground based visible observers at middle latitudes, the conditions to observe NLC become more
favorable in the future, that is, the occurrence frequency and the brightness of NLC will increase substantially.

Data Availability Statement

Data is available at Liibken et al. (2024).
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