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a b s t r a c t

Mid-latitude mesospheric clouds (MCs) are a rare phenomenon and their existence is not well

understood, as the mesosphere at these latitudes is, in general, too warm for clouds to form. During

the 2009 northern hemisphere summer season an unusually high number of these clouds were reported

over both central and southern Europe, and the western contiguous United States. In this paper we

investigate the mesospheric temperature field utilizing data from the Microwave Limb Sounder (MLS)

instrument. We find that the temperature occasionally is near the frost point temperature and that the

presence of planetary waves with periods of 2-, 5-, and 16-days combine to provide temperature

anomalies of 1–1.5 K, lowering the temperature below the frost point for cloud formation and growth.

Observed MCs are found to occur in close proximity to the 5-day wave anomaly. Model results show that

the growth time to achieve visible particle sizes under the observed temperature and water vapor mixing

ratio conditions are greater than � 20 h. Combined with climatological winds from a mid-latitude site,

our study suggests that these clouds occur due to a combination of advection from higher and colder

latitudes, and in situ wave growth.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Polar mesospheric clouds (PMCs) are a common phenomenon in
the polar summer atmosphere, where extremely low temperatures
(o130 K) provide a favorable environment for nucleation and
growth of these clouds (e.g., Gadsden and Schröder, 1989, and
references therein). Recent results have shown an increase of both
cloud brightness and occurrence frequency (e.g., Klostermeyer,
2002; DeLand et al., 2007; Shettle et al., 2009). Furthermore,
ground-based observers have reported an apparent progression
towards mid-latitudes (defined here as observation sites with
latitudes below 501N), where the summer mesopause temperatures
in general are well above the frost point temperature (e.g., Wickwar
et al., 2002; Yuan et al., 2008). The first reported sighting of a
mesospheric cloud (MC) at these lower latitudes occurred in 1999
from Logan, UT (421N) (Taylor et al., 2002; Wickwar et al., 2002).
A later investigation by Herron et al. (2007) showed an earlier cloud

detected with the USU lidar system in June 1995. Since then
numerous sightings have been reported by amateur observers on
popular web sites such as the noctilucent clouds Observer’s Home-
page http://www.kersland.plus.com and http://spaceweather.com,
and have revealed observations of MCs at latitudes as low as Palmela,
Portugal (� 393N) by P. Casquinha on 29–30 June 2007.

In recent years major effort has been put forward to understand
the formation and dynamics of PMCs utilizing a suite of ground-
based and satellite observations together with advanced micro-
physical models. With the recent launch of the Aeronomy of Ice in
the Mesosphere (AIM) satellite in 2007, an unprecedentedly
detailed study of PMCs is underway (Russell et al., 2009). However,
the lower latitude MCs have eluded scientists, due to their rare
occurrence. Their origin remains a mystery, as the mid-latitude
mesosphere is expected to be too warm to sustain formation and
growth of MCs. Mid-latitude observations of MCs have also been
observed by the Spatial Heterodyne IMager for Mesospheric
Radicals (SHIMMER), which has successfully observed these clouds
near 501N (Stevens et al., 2009). Together with the Navy Opera-
tional Global Atmospheric Prediction System Advanced Level
Physics High Altitude (NOGAPS-ALPHA) model, a Numerical
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Weather Prediction (NWP) system extending into mesosphere and
lower thermosphere, SHIMMER has shown promise in resolving
the mystery behind MC formation (Eckermann et al., 2009).

During the 2009 northern hemispheric summer, a large outburst
of MCs was observed over a large part of Europe and the contiguous
western United States, spanning the time period from 13 to 15 July.
Intriguingly, � 526 days later MCs were again observed over Europe.
It is well known that planetary waves, and in particular the 5-day
wave, can largely impact PMC formation and dynamics in the polar
atmosphere (e.g., Kirkwood et al., 2002; Kirkwood and Stebel, 2003;
Merkel et al., 2003, 2008, 2009; Nielsen et al., 2010; von Savigny et al.,
2007). In fact, Nielsen et al. (2010) showed that during the late polar
mesospheric summer, when the zonal mean temperature is well
above the frost point, the 5-day wave can induce cold periods with
cloud formation lasting 2–3 days corresponding to the cold phase of
the wave. These late season temperature conditions are similar to
those observed at mid-latitudes. In this paper, we investigate the
presence of planetary waves at mid-latitudes, during the MC obser-
vations, and whether the associated perturbations can explain the
observed clouds. We show that the observed clouds during the 2009
season, to a large degree, can be understood in terms of planetary
wave effects and that enhanced 5-day wave activity occurred during
the July outbursts of MCs.

2. Observations

The 2009 northern hemisphere summer provided an unprece-
dented number of reported mid-latitude (o503N) MC observa-
tions. According to the reports at http://www.kersland.plus.com
and http://spaceweather.com a total number of 68 cloud observa-
tions were made with the lowest observation site being Coal Creek
Canyon, Colorado (� 403N) on 15 July. All of the reported observa-
tions occurred over Europe or the western United States (US).
Eighteen observations were reported during the month of June,
only one of which (from Logan, UT (421N) on June 23) was from a US
site. In contrast, July yielded 50 cloud observations with 25 over the
US and a majority of the July observations occurring in the time
period of 13–15 July (38 observations out of 50). The 2007 northern
summer had the next highest number of reported observations
with 18 (lowest latitude � 393N). However, these reports must be
evaluated scientifically with care as they are dependent on many
factors, such as numbers of observers, visibility, and the fact that
observations made in close proximity of each other likely observe
the same cloud system. Here, we are merely using the reports as a
proxy to show the extent of mid-latitude clouds. Fig. 1 shows an
example of mid-latitude MC displays captured from Logan, UT (top)
and Rawlins, WY (� 423N) (bottom) on July 15, 2009. The cloud
fields are broad in E–W direction and extend � 82103 in elevation,
putting the closest clouds at � 483N.

Climatological descriptions of the mid-latitude mesosphere
generally have temperatures too high for the formation and growth
of MCs (e.g., Yuan et al., 2008). To investigate the mid-latitude
mesospheric capability to form MCs during the 2009 summer, we
utilize temperature and water vapor measurements from the MLS
instrument on board the Aura satellite to determine whether the air
reached super-saturated levels. The satellite was launched in 2004
into a near-polar 705 km altitude sun-synchronous orbit providing
daily global coverage with � 14 orbits per day yielding a long-
itudinal resolution of � 123 at mid-latitudes (Schwartz and et al.,
2008). The latest publicly released MLS data product (v2.2) has a
temperature vertical resolution of 14 km, along track resolution of
� 200 km, and 12 km cross-track at 0.0046 hPa (Schwartz and
et al., 2008), which is the approximate level (� 84 km) of observed
mid-latitude MCs. The temperature has a known warm bias of
� 2 K, which has been subtracted in our analysis. The vertical

resolution for water vapor is � 15 km, 400–750 km along track and
7 km cross-track (Lambert and et al., 2007).

Fig. 2 shows MLS temperature observations for 13–15 July, the
period of the cloud outburst. The figure shows the expected cold
polar summer mesosphere with temperatures down to 130 K.
However, the plots also reveal a cold mid-latitude region with
temperatures below 150 K ranging from � 203E to 1101W on
13 July. Similar characteristics are observed on 14 July, whereas
on 15 July the cold pattern appears to have progressed westward to
cover the 1101W to 1501E region.

3. Analysis and discussion

To exploit the mid-latitude MLS temperature and water vapor
fields, and their variations over the course of the main summer
season, Fig. 3 shows the daily averaged fields (including both
ascending and descending node data) over the 481–551N latitude
band in Hovmöller form (time versus longitude) in 101 longitude
bins. The latitudinal band was chosen to be consistent with the
spatial extend of the clouds shown in Fig. 1, and to coincide with
the latitude band of the majority of the ground-based observations.
The temperature is shown in (a), the water vapor in (b), and derived

Fig. 1. This figure shows two extensive displays captured from Logan, UT (top) and

near Rawlins, WY (bottom) (both at � 423N) on the night of 14/15 July, 2009. The

NLC displays extended across the camera’s horizontal fields of view (� 633) and

� 82103 in elevation.

130 140 150 160
Temperature (K)

July 13 July 14 July 15

Fig. 2. The MLS temperature observations shown on 13, 14, and 15 July, 2009. The

altitude is 0.0046 hPa corresponding to � 84 km.
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saturation ratio is shown in (c). The saturation ratio is defined as the
ratio between the partial pressure of water vapor and the partial
pressure over ice:

S¼
pH2O

pice
: ð1Þ

The partial pressure of water vapor is simply

pH2O ¼ p � wH2O, ð2Þ

where p is the ambient pressure and w is the water vapor mixing ratio
in ppmv. Here, we follow the recommendations of Rapp and Thomas
(2006) by using the formula determined by Murphy and Koop (2005)
to derive the partial pressure of ice, as it is valid for temperatures
above 110 K and thus valid for mesospheric cloud studies.

Fig. 3a shows two relatively extensive periods exhibiting
temperatures near the frost point, between � 15220 June, where
the majority of the June observations occurred and � 10220 July
encompassing the July cloud outbreak. The two periods are border-
line for cloud formations exhibiting similar temperature condi-
tions, as the late summer (early August) polar mesosphere
(e.g., Nielsen et al., 2010). Nielsen et al. (2010) showed that PMCs
observed during the late polar summer were a result of tempera-
ture perturbations due to the 5-day wave inducing favorable PMC
conditions, although the zonal mean temperature was significantly
above the frost point. Interestingly, Fig. 3a shows sporadic stria-
tions resembling a westward propagating wave 1 with period of
� 5-days. Fig. 3b shows water vapor mixing ratios, which peak in
summer at high latitudes in the mesosphere (e.g., Eckermann et al.,
2009; Nielsen et al., 2010), where these clouds occur frequently
during the mid summer period. The saturation ratio shown in
Fig. 3c has been shown to be a good proxy for PMC existence
(Eckermann et al., 2009; Nielsen et al., 2010), and here shows
localized regions of super-saturated air (S41) as indicated by the
black contour lines. However, as the temperature field is close to

the frost point temperature, the conditions for super-saturation are
very sensitive to temperature variations. This is illustrated by the
white and black dot contours showing the saturation for a 72 K
perturbation. A majority of the saturation field is well below the
required level for MC formation and illustrates the rarity and
sporadic occurrence of the clouds at these latitudes.

The localized regions of super-saturated air intriguingly appear
preferably within two longitude regions (� 3403

21003E and
� 1803

22703E). It is noteworthy to mention that Herron et al.
(2007) stated that only the lidar operating at Utah State detected
the cloud in 1995, whereas the other mid-latitude lidar systems
measured none. That lead Herron et al. (2007) to speculate on
longitudinal effects, such as orographic waves from the Rocky
Mountains, non-migrating tides, or stationary planetary waves
over the mountainous region. Our observations suggest a similar
longitudinal preference, although not limited to the western USA
but also including the European sector, pointing towards large-
scale mechanisms for the longitudinal preference.

There are indications of the super-saturated regions in July
occurring along the striations observed in the temperature field,
pointing towards planetary wave activity as a driver behind these
MC favorable regions. The reported MC observations are shown as
white circles. It is evident that a majority of the observations (64 out
of 68) occurs within, or in close proximity to, super-saturated
regions, showing that the derived saturation is a good proxy for MCs.

In the following, we will analyze the saturation field to determine
the existence of planetary waves and how they may impact the
observed clouds, utilizing a wavelet analysis technique developed by
Torrence and Compo (1998). This analysis has previously been used
to study planetary wave activity and evolution of the 5-day wave in
PMCs (von Savigny et al., 2007; Nielsen et al., 2010).

To perform a wavelet analysis, daily averaged MLS data has been
binned in 101 longitude and averaged across the 481–551. By
performing a 1-D wavelet transform to the saturation time series
shown in Fig. 3c at each longitude point, Fig. 4 shows the
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Fig. 3. Hovmöller plot of daily averaged MLS temperature (a) averaged across the 481–551 latitude band at the 0.0046 hPa level with the white contour lines representing the

150 K level. In (b) is shown the water vapor, while (c) shows the derived saturation ratio with super-saturated air enclosed by the black contour lines. Super-saturated air for

72 K perturbations are also shown (white and black dot contours) to illustrate the sensitivity to temperature variations at these latitudes during the summer period. The

reported MC observations are shown as white circles.
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normalized saturation wavelet power averaged over all longitudes
for periods ranging from 2 to 30 days. The wavelet power is
normalized by the variance of the time series and the 95%
confidence levels are bounded by the black contour lines. The
background spectrum to a good approximation resembles white
noise and the confidence levels are determined using the metho-
dology described by Torrence and Compo (1998) with a lag-1
autocorrelation value of 0. The strongest signals occur with a period
� 5-days and correspond to the gravest planetary wave normal
mode (e.g., Forbes, 1995). Peaks are also observed at � 2- and
15-days corresponding to the quasi 2- and 16-day waves. The 2-day
wave exhibits three localized peaks, with the two first peaks in
close proximity in time with the 5-day peaks covering the periods
10–20 June and 30 June–15 July. The 16-day signal is less localized
in scale with its major peak occurring during 10–25 July, with a
wide spectral response from � 12224 days. It is possible that the
16-day signal is being masked by a longer period signal, such as the
27-day solar signature, which most recently has been reported in
PMCs by Robert et al. (2010). Based on the major peaks identified in
this figure, we define the bandwidths for the quasi 2-, 5-, and the
16-day waves as 2.0–2.9, 4.1–7.6, and 12.0–21.5 days, respectively.

Fig. 5 shows the bandpass filtered 2- (a), 5- (b), and 16-day (c)
saturation ratio wave amplitudes in Hovmöller form. The reported

cloud observations are shown as open circles. It is clear from (a), (b),
and (c), that the wavelet power peaks in Fig. 4 are not only localized
in time, but also in space, as the strongest wave amplitudes occur in
narrow longitude bands around 01E and 2701E. The regions where
super-saturated air is seen in Fig. 3c generally correlate with regions
where the 2-, 5-, and 16-day wave have the largest amplitudes.
Furthermore, a majority of the reported MC observations falls within
the regions of stronger wave amplitudes, strongly suggesting that
planetary wave activity played a major role in forming these mid-
latitude clouds during the 2009 northern hemispheric summer
season. As the wavelet transform retains phase at each longitude,
Fig. 5b shows a clear westward propagating wave 1 signal associated
with the wave structures signals during mid July, while the earlier
wave structures are less coherent. The 2-day wave exhibits satura-
tion ratio peak amplitudes up to � 0:5, while the 5-day anomaly is
more extensive and exhibits a twice as large peak amplitude of � 1.
This is a significant amplitude, considering the relatively extensive
regions of super-saturation levels S¼1 shown in Fig. 3c. The 16-day
wave amplitude is significantly less with peak values of � 0:2.

The clouds respond to the net saturation, and in Fig. 6 we show the
combined effects of the three waves. During the relatively few clouds
in June (as compared to July), it is evident that there is no clear
relationship between the wave activity and the reported cloud
observations, as only � 50% occurs within a positive perturbation.
It is surprising to note the lack of cloud observations between
� 20022703E, as this region exhibits the highest perturbation and
most extensive region of super-saturated air (cf. Fig. 3c). However,
this may be a reflection of a lack of NLC observations, either due to no
observers or extensive tropospheric cloud cover. Hence, our study
illustrates the importance of an extensive and continuous observing
network, during the summer months, at these latitudes.

In contrast, the outbreak of MCs over Europe on 12–14 July, to a
large degree, falls within a positive perturbation, resembling the
more dominant 5-day signature. As the disturbance propagates
westward, it intensifies � 2 days later over the western US, where
the majority of the reported cloud observations occurs in conjunc-
tion with the overall positive perturbation. Here, the perturbation
is driven mainly by the 5-day wave and, to a smaller extent, the
2- and 16-day waves. On 13 July, all three waves exhibit positive
perturbations, whereas on 14 July only the 5- and 16-day waves are
enforcing each other, and the 2-day wave exhibits a negative
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calculated for each longitude shown in Fig. 3 and then averaged over all longitudes.
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perturbation. However, the overall perturbation is positive on both
days and is indicative of the fact that the waves are responsible for
keeping the air super-saturated for an extended period of time (� 2
days), possibly providing enough time for MC formation and
growth. On 15 July, both the 2- and 5-day waves are exhibiting
near zero amplitude (the 16-day wave is still in the positive
perturbation phase, but with very weak amplitude) resulting in
a near zero overall perturbation, which coincides with the transi-
tion from super-saturated into sub-saturated air. On 16 July,
observations were still made from Logan, UT without any positive
cloud identifications, suggesting the cloud field no longer existed.

The remaining part of the season exhibits a more complex
behavior. This complexity cannot be accounted for by planetary
wave motion and illustrates that much is still to be learned about
these mid-latitude clouds. Other dynamic features to consider are
advection of clouds from higher latitudes and large-scale outbreaks
of cold mesospheric regions.

Fig. 5 qualitatively suggests the majority of the observed clouds
to fall within the positive 5-day saturation anomaly. Fig. 7 illus-
trates a more quantitative analysis of the dominant 5-day influence
in form of a histogram showing the number of reported observa-
tions as a function of the 5-day saturation wave phase. The phases
associated with positive perturbations are shaded grey. The figure

shows that the majority of the observations occur within the
enhanced 5-day saturation anomaly (� 75%) thus confirming the
qualitative results from Fig. 5. Furthermore, it is also evident that
more clouds are found in the later stage of the positive phase. A
possible explanation for this behavior is that clouds growing in the
early stage of the super-saturated phase are sub-visible and first
reach visible sizes during the later phase stage, suggesting a
relatively slow growth process.

We have shown that planetary wave activity, and in particularly
the 5-day wave, is responsible for the cold mesospheric tempera-
ture fields existing in mid-July, at mid-latitudes, providing an
environment of saturated air required for the existence of meso-
spheric clouds. The origin of these clouds is still not determined. In
situ generation in the cold phases of these waves is one possibility.
However, the saturated regions are less extensive than the higher
latitude counterparts (Nielsen et al., 2010) and may not be
temporally extensive to fully grow these clouds. The previous
lower mid-latitude MC events discussed in the literature (Wickwar
et al., 2002; Taylor et al., 2002; Herron et al., 2007) suggested
several origins of these clouds: increased gravity wave activity
leading to increased zonal wave-drag and hence mesospheric
cooling, or cold temperature perturbations, due to orographic
wave forcing from the Rocky Mountains. In particular, Herron
et al. (2007) observed a large-amplitude wave (� 15 K) resembling
the diurnal tide in conjunction with the observed cloud.

To investigate the possibility of in situ cloud formation, we have
employed the two-dimensional version of the Community Aerosol
and Radiation Model for Atmospheres (CARMA). A one-dimen-
sional version of CARMA was first used by Turco et al. (1982), and
most recently by Rapp and Thomas (2006) to study the physics of
mesospheric ice particles. Jensen and Thomas (1994) and Rapp
et al. (2002) have previously used the two-dimensional version of
CARMA to investigate mesospheric cloud formation and evolution.
The model is initialized with temperature profiles from the
Sounding of the Atmosphere using Broadband Emission Radio-
metry (SABER) instrument onboard the Thermosphere, Ionosphere,
Mesosphere Energetics and Dynamics (TIMED) spacecraft and
water vapor profiles from MLS measurements for 12–13 July
2009, averaged over a 51 latitude band centered at the 551N. SABER
temperature measurements on 14 July are not included, due to the
yaw maneuver occurring on that day.

Fig. 8 shows the temporal evolution of temperature, water
vapor, and mean ice particle radius in the MC region (80–90 km), as
predicted by CARMA. Fig. 8a shows a mesopause with minimum
temperatures of � 145 K, around an altitude of 85 km. The water
vapor profile in Fig. 8b shows the water being depleted and
redistributed in the MC region, as ice formation takes place.
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The initial ice particle growth takes place mostly near the meso-
pause between 85 and 87 km, and the ice particles grow bigger as
they sediment down, towards the sublimation level near 81 km.
The mean radius plot in Fig. 8c shows ice particles growing as large
as up to � 80 nm in size after � 60 h. MCs visible to the naked eye
require relatively large particles. Although there is no consensus in
the scientific community on the particle size of a bright cloud, we
adopt the value of 50 nm to represent bright clouds, which is
similar to the value used by Baumgarten et al. (2009). According to
Fig. 8c, this particle population (enclosed by the black contours)
appears after � 18 h. It is important to keep in mind that these
growth times represent a lower limit, as the temperature is kept
constant in the model, whereas the wave-induced temperatures
change with wave period. With this knowledge, Fig. 8c shows that
the quasi 2-day wave (wavenumbers 2 and 3) is not a likely
candidate to persistently grow particles with radius � 50 nm, and
thus may explain the lack of direct correlation between observed
clouds and 2 day saturation anomaly in Fig. 5a. In contrast, the
quasi 5-day wave (wavenumber 1) has the potential to grow large
particles up to � 70 nm in situ and may explain the large number of
clouds found within the negative saturation anomaly in Fig. 5b. The
longer period, 16-day anomaly, seen in Fig. 5c is not likely to play a
dominant role in cloud formation, as it exhibits an order of
magnitude lower amplitudes.

A comprehensive spatial and temporal wind field is not available
to fully investigate the role of advection during the July 2009 cloud
outbreak. However, the meteor radar located at Bear Lake Observa-
tory (421N, 1111W) acquired mesospheric wind data during the
period of NLC observations. The hourly averaged zonal (dash) and
meridional (solid) winds, at an altitude of 85 km, are shown in Fig. 9. It

is evident that there exists a predominantly equatorward wind field
exhibiting peak amplitudes of � 40 m=s and mean of � 10 m=s,
during the cloud outbreak. In comparison, Yuan et al. (2008) reported
a 4 year climatology of the meridional wind field above Fort Collins,
Colorado (411N, 1051W), over the period 2002–2006 utilizing a Na
lidar. Their results showed a July monthly mean equatorward
meridional wind field of � 6 m=s. These observations imply that
over the course of a cold 5-day temperature perturbation, a cloud
could potentially migrate a significant distance equatorward from
higher (and presumable, colder) latitudes, assuming the reported
wind amplitudes are representative over a larger latitudinal band
extending towards higher latitudes.

4. Summary

We have utilized MLS temperature and water vapor to derive
the saturation ratio, which acts as a proxy for mesospheric clouds,
over a latitude band (481–551N) at 0.0046 hPa during the 2009
summer. The temperature field exhibits periods of unusually low
temperatures (o150 K), which induces regions of super-saturated
air. Wavelet analysis of the saturation field reveals sporadic burst of
planetary wave activity, exhibiting periods corresponding to the
quasi 2-, 5-, and 16-day wave modes.

Our results show that the outbreak of mid-latitude mesospheric
clouds in mid-July 2009 was due to additional cooling, as the 2-, 5-,
and 16-day planetary waves combined to lower the mesospheric
temperature below the frost point. This cooling provided an environ-
ment in favor of forming these rare clouds. Locations of reported
observations of MCs were compared to these outbreaks of super-
saturated air and showed the clouds to dominantly fall within the
5-day high saturation anomaly during the July outbreak, suggesting
the 5-day wave was the most dominant driver behind these clouds.

Model results initialized using SABER temperatures and MLS
water vapor show that the 2-day wave falls short of growing visible
MCs, whereas the 5-day wave has the potential to grow the clouds
in situ and thus explains the strong correlation between the
observed clouds and the 5-day anomaly. Mid-latitude radar winds
reveal a predominantly equatorward wind field capable of trans-
porting the clouds from higher, and colder latitudes, suggesting
that advection from higher latitudes may also play a role in the
appearance of these mid-latitude clouds.
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