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On the Anthropogenic Impact on Long-Term Evolution
of Noctilucent Clouds

Franz-Josef Liibken''"’, Uwe Berger', and Gerd Baumgarten'

TLeibniz Institute of Atmospheric Physics, Kiihlungsborn, Germany

Abstract Little is known about climate change effects in the transition region between the Earth'’s
atmosphere and space, roughly at 80—120 km. Some of the earliest observations in this region come

from noctilucent clouds (NLC) at ~83-km altitude. There is a long-standing dispute whether NLC

are indicators of climate change. We use model simulations for a time period of 138 years to study the
impact of increasing CO, and H,0 on the development of NLC on centennial time scales. Since the
beginning of industrialization the water vapor concentration mixing ratio at NLC heights has increased

by ~40% (1 ppmv) due to methane increase, whereas temperatures are nearly constant. The H,O increase
has led to a large enhancement of NLC brightness. NLC presumably existed centuries earlier, but the chance
to observe them by the naked eye was extremely small before the twentieth century, whereas it is likely

to see several NLC per season in the modern era.

Plain Language Summary In our paper we address a problem that is controversially disputed
since several decades, namely, whether noctilucent clouds (NLC) in the middle atmosphere are indicators
of climate change. NLC are a spectacular optical phenomenon in the summer season at midlatitudes.

We show in our paper that (i) NLC are indeed indicators of anthropogenic activity, (ii) the reason for this is
increasing water vapor (caused by methane increase), which significantly enhances the visibility of NLC;
and (iii) contrary to common understanding, cooling of the middle atmosphere due to increased reduces(!)
the visibility of NLC. NLC constitute the earliest observations in this height region. In our model we
expose 40 million dust/ice particles to long-term changes in the middle atmosphere, namely, for 138 years
starting with the beginning of industrialization. The model is nudged to the real world in the lower
atmosphere. Since the beginning of industrialization,the chance to observe a bright NLC has increased
from just one per several centuries(!) to a few per year. We conclude that NLC are indeed an indicator

for climate change.

1. Introduction

Noctilucent clouds (NLC), also called polar mesospheric clouds (PMC), are made of water ice particles, which
are sporadically observed by the naked eye at midlatitudes when these particles are illuminated by the Sun
when it is several degrees below the horizon (Gadsden & Schréder, 1989). NLC can exist around the summer
mesopause at middle and high latitudes since this region is extremely cold (130-140 K), actually being the
coldest place in the Earth’s atmosphere (Liibken, 1999). Some scientists claim that NLC are sensitive indica-
tors for climate change due to a combination of cooling and/or an increase of water vapor (Hervig, Berger, &
Siskind, 2016; Russell et al., 2015; Thomas, 1996, 2003; Thomas et al., 1989). This has been questioned because
the database regarding long-term trends of NLC is still rather poor and too little is known about long-term
trends and episodic changes of the background atmosphere at these altitudes (Thomas et al., 2003; von Zahn,
2003; von Zahn et al., 2004).

Observations in the upper mesosphere/lower thermosphere region are rather challenging. Very little is known
about trends of basic parameters such as temperature and water vapor mixing ratio on centennial time scales.
There is general consensus that an increase of greenhouse gases causes a cooling of the mesosphere due
to an enhanced escape of infrared photons to space. There is one exception, however, namely, the summer
mesopause region, where this effect is compensated for by increased absorption of photons from lower alti-
tudes. Therefore, trends in this height region are very small (negative) or even positive (Berger & Liibken, 2011;
Garcia et al,, 2007; Marsh et al., 2013; Roble & Dickinson, 1989). Furthermore, it was shown recently that trends
are not uniform in time but show episodic modulations (Liibken et al., 2013).
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Modern technologies such as lidar and satellite-borne instruments have revealed many details about these
clouds. The observational database on NLC/PMC including microphysical properties, variations with latitude
and longitude, solar cycle, and tides has improved significantly in recent decades (see, e.g., Baumgarten et al.,
2012; Fiedler et al,, 2009; Gerding et al., 2013; Russell et al., 2015). Furthermore, there is increasing experimen-
tal and theoretical evidence that NLC/PMC occur more frequently in recent decades (Berger & Liibken, 2015;
Deland & Thomas, 2015; Hervig, Berger, & Siskind, 2016). However, the unequivocal detection of trends in
NLC is still challenged due to the impact of various processes varying mainly in the last decades, for exam-
ple, stratospheric ozone mixing ratios or water vapor transport through the tropical tropopause into the
stratosphere (Brinkop et al., 2016; Llibken et al., 2013; Pertsev et al.,, 2014; WMO, 2011).

In the past we have performed model simulations of NLC at 69°/78°N and studied their long-term evolution
concentrating on the period since 1961, that is, when ERA40 reanalysis data (since 1961) and satellite obser-
vations (since 1979) are available (Berger & Liibken, 2015; Berger & von Zahn, 2002; Liibken et al., 2009). In
this paper we extend our studies to the time period 1871 to 2008 given by the availability of reanalysis data
(see below for more details). We concentrate on the latitude band 55-61°N, that is, where NLC are visible by
the naked eye. In the next section we describe the models being used in this paper. Model results of trends
in the background atmosphere and in mesospheric ice layers as well as sensitivity studies are presented in
section 3. The implications of our results for the role of anthropogenic activities on the morphology of NLC
are discussed in section 4.

2. Method

The basic concept used in this paper is to model the background atmosphere with the Leibniz Institute Middle
Atmosphere Model (LIMA) for northern hemispheric conditions in the time period from 1871 to 2008 and then
use this background in the Mesospheric Ice Microphysics And tranSport (MIMAS) model to study mesospheric
ice layers. In LIMA the mixing ratios of carbon dioxide (28-150 km) and ozone (28-65 km) are changing,
whereas all other trace gases are kept constant. In MIMAS the water vapor mixing ratio is increasing with time,
where this increase is based on the increase of methane in the troposphere and its contribution to the water
vapor budget in the mesosphere (see below).

LIMA is a global model (0-150 km) taking into account major processes such as radiation, chemistry, and
transport (Berger, 2008; Liibken et al., 2013). At lower heights (0-28 km) LIMA is nudged to the real atmo-
sphere, namely, to twentieth century reanalysis data from NOAA-CIRES (National Oceanic and Atmospheric
Administration-Cooperative Institute for Research in Environmental Sciences 20CR; Compo et al., 2011). In
LIMA the effects of small-scale internal gravity waves are taken into account by a nonlinear spectral gravity
wave parametrization (Yigit & Medvedey, 2013).

For CO, we use the monthly mean time series for the period 1961-2008 measured at Mauna Loa (19°N,
155°W). Before 1961 we use the historical CO, record derived from Antarctic ice cores (Etheridge et al., 1998).
For ozone in the period 1961-2008 we take into account temporal and latitudinal variations in the strato-
sphere and lower mesosphere (Libken et al., 2013; WMO, 2011). Before 1961 stratospheric ozone is kept
constant with ozone values from the year 1961. LIMA and MIMAS use daily Lyman-a fluxes as a proxy for
solar activity in the period from 1961 to 2008. Before 1961 Lyman-a values are approximated using monthly
sunspot numbers.

The MIMAS ice model is a three-dimensional Lagrangian transport model specifically designed to study ice
particles in the upper mesosphere (Berger & Liibken, 2015). MIMAS calculates ice layers in each NLC season
from 10 May to 31 August and is limited to middle/polar latitudes (38°-90°N) and to the mesopause region
(77.8-94 km). In MIMAS, 40 million dust/ice particles are transported according to three-dimensional and
time-dependent background winds, eddy diffusion, and sedimentation. Ice particle nucleation and growth
are described applying standard microphysical processes, including, for example, the Kelvin effect and the
degree of saturation (Berger & Liibken, 2015; Gadsden & Schroder, 1989). Water vapor bound in ice particles
and background water vapor are interactively coupled by freeze drying and sublimation.

The mixing ratio of H,O in the mesosphere is basically given by two effects: (i) transport of H,O from lower
altitudes and (ii) oxidation of methane. We assume that the first contribution has not changed on centen-
nial time scales, whereas variations in more recent decades are indeed likely (Hegglin et al., 2014). Even
on decadal time scales there is no clear picture regarding trends of water vapor in the middle atmosphere
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which is converted to H,0, namely, a = (CH;*"° - CH%™)/CH}, " = 0.94.

156 %)

: : : In other words, at stratopause levels, 94% of methane entering the

long-term effects would be highly speculative, we decided to use a par-

mi=—0.189K /dec  my=—1.166 K /dec LISS“” _ mesosphere has already been converted to water vapor. Since the
= 1o o oxidation of each methane molecule produces two water vapor
¢ 1s2f A cozn nzon 3 molecules, we arrive at a H,0O mixing ratio due to CH, oxidation of
SL ok ] H,O(CH,) = 2 - a - CH,*"°=3.35 ppmv at stratopause levels. This leaves
£ F . H,O(tropo) = 7.5-3.35 = 4.15 ppmv originating from direct trans-
Toeer port from the troposphere. We use these considerations to estimate
1agf MT0014 K/dec m,=-0.210 K/dec ] the long-term evolution of H,0 in the mesosphere, namely, keeping
40fF¢) I ‘ ' ' ' ' = H,O(tropo) = 4.15 ppmv constant and adding H,0O(CH,) using long-term
T E a coot HaOr changes in CH3*™ (Dlugokencky et al., 2015; Etheridge et al., 2002). Fur-
§ 3sp BCo2TR0e . thermore, we take into account that in the upper mesosphere some of
§ the water vapor is destroyed by photodissociation.
8 L ] Very little is known about potential long-term effects of winds and wave
§ & g activity on the mean circulation. Since any consideration of potential
5 I 1

m,= 0.041 ppmv/dec

m,= 0.152 ppmv/dec
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Figure 1. Time series of (a) tropospheric CO, (black line) and CH,
(green line) mixing ratios from Mauna Loa observations and ice core data
(Etheridge et al., 2002, 1998); (b) temperatures from Run A at a fixed

1940

ticular dynamical situation (winds, wave activity, and variability in back-
ground winds) from a representative year, namely, 1982, for all years
1971-2008. However, the conclusions are not dependent on the choice of
year. Thereby, a potential impact of trends in mean background winds and

1960 1980 2000

geometric altitude (83 km) and at the mean pressure level of maximum wave activity on NLC trends is eliminated.
backscatter (pean); (€) mixing ratios of gas phase water vapor at pyean

(assuming that ice formation had not occurred) for Runs A and B. Note that 3. Results

H,0 values for Runs A and C are identical. See text for more details on

the definition of pyean- In panels (b) and (c) linear fits for Run A are shown

3.1. Trends in Atmospheric Background

for the time periods before (m;) and after (m,) 1960, respectively. The slopes  In Figure 1a we show the long-term evolution of CO, and CH, mixing

are listed in the inserted legend.

ratios used in this study. Both time series show an accelerated increase

after approximately 1960. We have performed model runs for the follow-
ing scenarios: (A) CO, increasing, H,O increasing (CO, 1,H,01); (B) CO, increasing, H,O constant, where the
value is taken from 1880 (CO, 1,H,0+); and (C) CO, and O; constant with value from 1880, H,O increasing
(CO, <,H,01). We average over the core of the summer season, namely, July.

In Figure 1b we show time series for Run A of temperatures at NLC altitudes, more precisely at a fixed altitude,
namely, at 83 km, and also at a fixed pressure p,,.., = 5.962 - 1073 hPa (same for all years) where this pressure
is given by the average of all 138 mean pressure levels of maximum backscatter. Figure 1b demonstrates the
difference between temperature trends at geometric altitudes and at fixed pressure levels. We show temper-
atures for Run A only since they are identical to Run B because the time series for CO, and O, are identical in
both runs. Temperatures in Run C are constant since CO, and Oj; are constant and the H,0 change takes place
in MIMAS and therefore does not modify background temperatures. Temperatures at 83 km have decreased
by ~7 Ksince 1871, whereas they are rather constant at the pressure level p,. ... The reason for this difference is
that the atmosphere in the lower and middle mesosphere shrinks because of cooling. This implies that a given
pressure level is shifted to lower geometric heights. Due to the negative temperature lapse rate at NLC alti-
tudes, the downward shift of the temperature profile leads to an apparent cooling at fixed geometric altitudes.
As can be seen in Figure 1b the temperature decrease at 83 km is not monotonous in time but is accelerated
after approximately 1960, following the CO, time series shown in Figure 1a. We have therefore determined lin-
ear trends before and after 1960, respectively, and arrive at slopes of m; = —0.189 and m, = —1.166 K/decade
in the time periods 1871-1960 and 1960-2008, respectively. This means that temperature trends are more
than a factor of 6 larger in recent decades compared to the beginning of industrialization. Marsh et al. (2013)
have recently published model trend results and arrive at a total difference between preindustrial and modern
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Figure 2. Example of ice layer characteristics of an NLC: (a) 2-D histogram of number of ice particles in the given latitude
and longitude bin per Az =100 m and Ar = 1 nm (counts) as a function of altitude and particle radius; (b) mean and
median radius of ice particles (black lines, lower x axis), and ice particle number density (blue line, upper x axis);

and (c) ice mass density (black line, lower x axis) and backscatter coefficient (red line, upper panel). The inserted legend
gives the altitude of maximum backscatter, z(f,ay), the integrated backscatter (IBS), and the ice water content (IWC).

temperatures of about —2 K at NLC pressure levels (see Figure 9b in their paper). This is comparable
to the total temperature change (T @ p,,ea) shown in Figure 1b. Note that the maximum backscatter g,,,, is
nearly colocated with the lower altitude where the degree of saturation equals 1 since particles grow above
this height where $ > 1. This implies that the temperatures given in Figure 1b labeled T @ p,..., are practically
identical to frost point temperatures (the difference is less than 1 K).

We have determined temperature trends in the entire mesosphere and lower thermosphere (not shown).
Temperature trends since 1960 are rather large in the middle mesosphere (up to —1.5 K/decade) but are small
around NLC pressure levels. In this study the long-term cooling is entirely due to an increase of CO, and vary-
ing O;. The total cooling since 1871 amounts to approximately 10 K in the middle mesosphere but is much
smaller at NLC pressure levels and close to 0 at the mesopause. Water vapor mixing ratios at p,,.,, are shownin
Figure 1c. We depict H,0 mixing ratios for the hypothetical case that no ice formation had occurred. Note that
H, 0 values for Runs A and C are identical. The mixing ratio of water vapor increases by ~0.15 ppmv/decade
since 1960 (Runs A and C). The total increase is about 40% since 1871 (approximately 1 ppmv), which in this
study is entirely caused by the increase of methane oxidizing to H,O.

In Figure 2 we show an example of ice cloud parameters within a spatial section of 3 longitude bins of 3°
each (out of 120) and 3 latitude bins of 1° each (out of 53). We show the altitude distribution of particle radii,
number densities, ice mass density, and backscatter coefficients () for a wavelength of A =532 nm, which is
often used by lidars detecting NLC (see, e.g., Collins et al., 2009; Fiedler et al., 2009). From this we determine the
maximum backscatter (f,,.,), the altitude of this maximum z(g,.,.,), the height integrated value of § (integrated
backscatter), and the total amount of ice mass in a column (ice water content, IWC). Throughout this paper
B and B, are given in units of 107'° m/sr, and IWC in g/km?. For simplicity we term the altitude of §,,,, NLC
altitude. In order to account for the limited sensitivity of a visual observer watching NLC, we occasionally limit
our analysis to clouds with a threshold for g,,,,. In this paper we use .., > 3 as a typical limit for visible NLC
(Baumgarten et al., 2009).

3.2. Trends in Mesospheric Ice Layers

In Figure 3 we show the temporal development of various ice layer parameters. The information from a total
of about one quadrillion (10'%) dust and ice particles in MIMAS enters into the values shown in this plot. Mean
NLC altitudes with f,,., > 3 (Figure 3a) have decreased by approximately 1.3 km from 1871 to 2008, where the
major part of this decline occurs after ~1960. The decrease occurs only when CO, increases (Runs A and B),
which is due to the fact that the lower height limit of supersaturation decreases when the atmosphere shrinks
(see above). Water vapor alone (Run C) does not change NLC altitudes significantly. To indicate the vertical
extent of the NLC layer, we also show the lower edge of the ice layer (for Run A), which is located about 1.6 km
below the peak of the layer. Note that the difference between the peak and the lower edge of the NLC layers
is practically independent of time.
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The total ice mass (M,..) in the latitude range 55°-61°N has increased

A: CO2t H201t
- B: CO2t H20e

from approximately 80 to 180 tons; that is, it has more than doubled in

- m,=-0.036 m,=-0.233 X the period 1871 to 2008 (Figure 3b, Runs A and C). The ice mass increases

mainly if H,O mixing ratio is increasing (Runs A and C), whereas a tem-
perature decrease alone (Run B) has a much smaller effect. Most of the
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ice mass increase has occurred after approximately 1960. Water vapor
increase alone (Run C) increases the total ice mass by ~72 tons, whereas
temperature decrease only (Run B) increases the total ice mass by approx-
imately 17 tons (all numbers averaged over a solar cycle). The latter is due
to the fact that cooling enhances the chance for ice particles to be gen-

erated. The combination of H,O increase and cooling due to CO, increase

WC [g/km?] total ice mass [tons]NLc oltitude [km]

(Run A) enhances M, by ~100 tons. This implies that an increase of water
vapor has the largest effect on the total ice mass, whereas the impact of
temperature decrease is much smaller. We note that the situation may be
different at higher latitudes.

In Figure 3d we show the occurrence rates of NLC, which are determined
as follows: the maximum possible number of NLC events is given by the
number of latitude bins (6), longitude bins (120), and time slots of 6 hr
each (=31 days x 4 per day = 124 time slots), which totals to 89,280 events
per season. This is compared to the number of NLC events actually being

M PR A

occurrence rate [%]
~

present, applying a given threshold. In Figure 3d we show occurrence rates

2f

:
W 22 £ fr>3.0 m,=0.0385 A
£ 55k m,=0.0930 E
o~ 50F ]
LR 35E E

for a threshold of g,,,, > 3. The occurrence rates increase from approx-
imately 1% to 6% from 1871 to 2008, respectively. We will discuss the
sensitivity of this increase on the threshold for g, in section 3.3. The IWC
increase shown in Figure 3c is less pronounced compared to the increase

1880 1900

Figure 3. Time series of monthly mean values in the latitude band

1920

of total ice mass. This difference is explained as follows. For a given year the
1940 1960 1980 2000 . : .
year mean IWC is defined as the mean over all bins filled with NLC, whereas the
total ice mass is the sum of all ice masses in all bins filled with NLC. Since

55°-61°N of (a) NLC altitude (solid) and lower edge (dotted); (b) total ice the occurrence rates (i.e., the number of bins filled with NLC) increase with
mass; () ice water content (IWC); (d) occurrence rate for NLC; and time, the total ice mass increases more rapidly compared to the mean IWC.
(e) maximum backscatter. Results from the three runs (A, B, and C) are

shown (black, red, and green lines). In panels (a), (d), and (e) a threshold As can be seen in Figure 3e f,., also increases significantly when more
of Prmax >3 is applied. Slopes for the time periods before (m;) and after H,Ois available (Runs A and C), whereas cooling alone (i.e., increase of CO,,

(m3) 1960 are also shown (black lines). The slopes are listed in the inserted
legend. Units of m; and m, are [...] per decade where [...] are the units
shown on the y axis. NLC = noctilucent cloud.

Run B) surprisingly leads to a slight reduction of f,,,,. The reason for this
is that smaller (but more) ice particles are generated when temperatures
are reduced. Smaller particles in turn cause less scattering of light eventu-
ally falling below the threshold imposed on f,,,,. We note that some ice
parameters show a substantial modulation with solar cycle, which is mainly given by photodissociation of
water vapor varying with solar activity.

3.3. Sensitivities

We have studied the sensitivity of the temporal development of ice layer parameters on the threshold of g,.,,.
Such a threshold is imposed, for example, by observers who can only see NLC exceeding a certain brightness.
We have averaged ice layer parameters for two time periods with a duration of 11 years each (one solar cycle),
namely, at the beginning (1871-1881) and at the end (1998-2008) of the total time interval, respectively. In
Figure 4a we show occurrence rates as a function of a threshold for ... If we consider, for example, the time
period 1998-2008 and a threshold of g, > 3, we arrive at 4,525 cases of NLC per season (in the mean), which
corresponds to an occurrence rate of 4,525/89,280 or 5.1%. For a visual observer at a fixed location the number
of cases are reduced further by a factor of approximately 5.5 x 1074, which is given by the limited observa-
tion time (typically ~2 hr per day = 2/24 hr), the limited longitude coverage (typically 4/360°), and the limited
chance for clear sky conditions (roughly 40%). This implies that 1-2 NLC events per season correspond to an
occurrence frequency of roughly 100/(89280 - 5.5 - 1074)~2-4%. For f,.., > 3 the occurrence rate is 5% in
recent times, whereas it was only 0.8% at the end of the nineteenth century (Figure 4a). Note that the differ-
ence in the mean probability of observing an NLC in the periods 1871-1881 and 1998-2008, respectively,
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Q increases if the threshold increases. For example, the chance to observe
X 10.00;_ z a bright NLC (.., > 8) is still reasonable in current times (some in a few
Lé : 1y g years), whereas it was extremely unlikely before the twentieth century
g 1.00 — 1oy :a (one NLC per several hundred years, see Figure 4a).
% 0.10¢ ; NLC altitudes shown in Figure 4b do not change significantly for g,,,, >3 if
8 ool o) 7o £ the threshold is increased. Note that NLC were located about 1.2 km higher
85.0¢ E - before the industrialization compared to recent times. This height differ-
E 84'5;_ _ ence is rather independent of the threshold being applied. We discuss
3 84.0 3 E NLC altitudes in more detail in the next section. The sensitivity of seasonal
'ZZ ij_ : mean ice particle radii, r,., at S, is shown in Figure 4c. As expected,
; .3 E increases with increasing threshold, because brighter NLC require larger
a20F ®) E ice particles. This also explains why the behavior of r,, as a function of
SO E the threshold is rather similar for both time periods. The total number of
45; _ ice particles per unit volume at f,,,, decreases rapidly when the thresh-
e 3 E old of S, increases (Figure 4d). This reflects the fact that there are fewer
£ 35 3 E large and more small ice particles in the ice cloud (see Figure 2a). Generally
) 30; 3 speaking, there were far fewer ice particles in the NLC layer at the begin-
i; <) 3 ning of the industrialization compared to today. We note that mean
107E E parameters representing the background atmosphere and also ice layer
”g 10°F 3 characteristics are associated with some natural variability.
= 0%k .
g 10°F ] 4. Discussion and Conclusion
& 10° 'd) ‘ Mesospheric temperature trends in LIMA are consistent with temperature
1020- : . 1'0 trend observations from lidar. For example, in the period 1979-1997 dur-
threshold for B, [107%/masr] ing summer near 45°N large cooling trends of about —3 K/decade are

Figure 4. NLC parameters as a function of the sensitivity to detect ice layers,
that is, of the threshold for f, ., for two time periods of one solar cycle

observed, which reduce and even turn to warming around mesopause
heights (see Figure 10 in Keckhut et al., 2011). This is in nice agreement

each, namely, at the beginning (1871-1881, blue lines) and at the end with LIMA results (see Figure 1b in Berger & Liibken, 2011). The associ-
(1998-2008, green lines) of the total time period. (a) Occurrence rate and ated descent rate of NLC heights is consistent with long-term observations

the average time required to detect an NLC (see text for more details);

(b) mean NLC altitude; (c) mean ice particle radius at f,,,; and (d) total
number of ice particles per unit volume at f,,. All results are from Run A
(CO, and H,0 increasing). NLC = noctilucent cloud.

of radio wave reflection heights performed since 1959 (see Figure 2a in
Berger &Liibken, 2011). The H,O0 mixing ratio in recent years (~4 ppmy, see
Figure 1¢,Run A) agrees nicely with contemporary satellite observations by
SOFIE/AIM (Figure 6d in Hervig, Gerding, et al., 2016). Only very few studies
on water vapor trends in the summer mesopause region at middle lati-
tudes are available (see, e.g., Hervig, Berger, & Siskind, 2016; Remsberg et al., 2018). The latest is from Remsberg
et al. (2018), which shows a water vapor trend of approximately 5%/decade at 52.5°N and 80 km correspond-
ing to ~0.175 ppmv/decade, which is consistent with the trends shown in Figure 1c (~0.15 ppmv/decade).
Unfortunately, no information is available on long-term evolution of temperatures or water vapor in the upper
mesosphere on centennial time scales.

Ice particle radii from MIMAS (Figure 4c) are generally consistent with lidar observations at 54°N (Alpers et al.,
2000). Regarding IWC, the instrument SOFIE/AIM measured a mean of IWC ~ 59 at midlatitudes during July
2015, applying a threshold of IWC > 40 (see Figure 3 in Hervig, Gerding, et al., 2016). This is in perfect agree-
ment with IWC values from LIMA at the end of our time period (2008), namely, IWC ~ 58-59, applying the
same threshold.

It is rather challenging to determine uncertainties of the yearly mean background and ice parameters dis-
cussed in this paper. We decided to concentrate on uncertainties regarding the derivation of mesospheric
water vapor in MIMAS, more precisely on the parameter « (see section 2). Rong et al. (2016) have compared
SOFIE/AIM observations with measurements from other satellites. For the summer season in the Northern
Hemisphere they arrive at a mean of approximately CHf;Okm = 100 ppbv around the stratopause (the value
used in this paper) with a typical uncertainty of +50 ppbv (see Figure 5 in their paper). This corresponds to an
uncertainty of approximately +3% in « and +2% in H, 0.
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Former investigations on the relevance of NLC for the detection of climate change have concentrated on ide-
alized sensitivity studies of mesospheric ice layers on temperature and H,O (Bardeen et al., 2010; Hervig et al.,
2009; Libken et al., 2007; Rong et al., 2012; Thomas et al., 1989; von Zahn & Berger, 2003). In this paper we
model temperatures and water vapor trends in the mesosphere for long time periods (1871-2008) based
on tropospheric and lower stratospheric reanalysis data. This allows to derive all relevant ice layer parame-
ters from the development of individual ice particles and to compare with contemporary observations. Note
that trend studies covering the last few decades are hampered by the fact that anthropogenic activities have
modified some parameters in this period, which were presumably constant before, for example, stratospheric
ozone or H,0 injection into the stratosphere (Brinkop et al., 2016).

The first detection of NLC was reported in 1885 (e.g., Backhouse, 1885). A more quantitative study of NLC
from the years 1889-1891 provided a mean altitude of 82.08 km (Jesse, 1896). The mean NLC altitude from
LIMA/MIMAS in the late nineteenth century is somewhat higher (~83.8 km, see Figure 3a). Apart from the
limited historical data base there are several reasons that can explain this difference. For example, (i) the vari-
ability of NLC altitudes in LIMA/MIMAS is approximately 0.6 km (2¢ value) for g > 3, (ii) the triangulation of
structures within an NLC leads to altitudes significantly lower than the height of ., (Ridder et al., 2017), and
(iii) the influence of tides may cause a systematic bias for NLC altitudes for an observer detecting at a fixed
local time (Fiedler et al., 2005; Gerding et al., 2013).

The question remains why NLC were not reported before 1885. We follow the reasonable speculation pre-
sented by Thomas et al. (1989), namely, that the first observation was triggered by the eruption of Krakatoa,
which ejected millions of tons of H,0 into the stratosphere. For a given increase of H,O mixing ratio we can
easily estimate the increase of ice mass, integrated backscatter, and f,.,, given the results presented in this
paper. We find that the water increase suggested by Thomas et al. (1989) would lead to NLC with a brightness
of approximately f,,,, ~6.5, that s, bright shining clouds. We will investigate the role of volcanic eruptions for
the long-term evolution of NLC in more detail in the future.

We conclude that the rise of H,O concentration due to increasing CH, has lead to a large enhancement of the
visibility of clouds, in particular, since the 1960s. The anthropogenic increase of CO, leads to a large cooling in
the middle and lower mesosphere but less so at NLC heights. To first order this cooling leads to a small increase
of total ice mass but has little impact on the visibility of ice clouds since smaller (but more) ice particles are
generated, which create too little scattering. Roughly speaking, temperatures must be low enough to allow for
ice nucleation, but the visibility of ice clouds is primarily determined by the amount of water vapor available
for ice particle growth.

Cooling in the mesosphere decreases the height of NLC due to atmospheric shrinking, whereas an increase
of H,0 alone has little effect on the mean NLC altitude. Note that this study concentrates on middle latitudes
and that results at high latitudes might be different. In recent decades it is likely to see one or more NLC per
season, whereas the probability was only once per several decades before the beginning of industrialization.
The chance to see an NLC decreases exponentially with brightness, as shown in this paper. Therefore, the
probability was even smaller for very bright NLC, namely, one per several centuries. NLC were too infrequent
and too unspectacular in historical times to be identified as a unique phenomenon.

We conclude that NLC are indeed a long-term indicator for climate change due to the increase of H,0 caused
by the oxidation of methane, whereas the growth of carbon dioxide mixing ratio is of secondary importance.
Episodic changes of H,O and O; as well as other factors may impact the morphology of NLC on decadal
time scales.
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