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A B S T R A C T   

We report on a Polar Mesospheric Cloud (PMC) front structure observed on July 2, 2007 over Greenland. This 
structure appears to be localized solitary wave, with a sharp boundary that separates a cloud and cloud-free 
region. Near-coincident temperature measurements indicate a 20 K temperature difference between these two 
regions that likely contributed to the sharp PMC front boundary. Gravity wave (GW) temperature amplitude and 
buoyancy frequency show that large amplitude GWs and the formation of a stable atmospheric layer between two 
unstable regions supported the formation of a pronounced mesospheric temperature inversion that destroyed 
PMCs. Given the absence of an inversion layer close to the location of PMC front, it is not clear if a similar 
thermal duct but with colder temperatures supported the formation of a single wave resulting in the formation of 
the observed PMC front. The buoyancy frequency structure with stable and unstable regions also indicates 
mesospheric wave propagation, and is present in both the cloud and cloud-free regions. We identify a tropo
spheric low-pressure area and a frontal system as potential sources of these mesospheric GWs. Ray-tracing 
simulations indicate that GWs from these sources propagated to the mesosphere and may have contributed to 
the observed PMC variability.   

1. Introduction 

Polar Mesospheric Clouds (PMCs) typically occur in the high-latitude 
summer mesosphere, but have also been reported at mid-latitudes 
(Stevens et al., 2009; Russell et al., 2014). In addition to the more 
frequent observations of PMCs at mid-latitudes, in recent years PMCs 
have also been reported at low latitudes, as low as 34.1 ◦N (Phillips, 
2019). While these changes may or may not suggest a link to climate 
change (Thomas, 2003; von Zahn, 2003), these clouds at the edge of 
space (~82–86 km) provide information regarding the mesospheric 
environment. PMC variability has led to studies on inter-hemispheric 
teleconnections (e.g. Karlsson et al., 2009), lower atmospheric 
coupling (e.g. Yue et al., 2014), planetary waves (e.g. France et al., 
2018), tides (e.g. Stevens et al., 2017), gravity waves (e.g. Chandran 
et al., 2012; Dalin et al., 2016), and long-term trends in the summer 
mesosphere (e.g. Dalin et al., 2020). 

PMCs exhibit complex spatial structures but have also revealed 
several unique morphological forms including the four main types 
(Veils, Bands, Billows, Whirls) and other structures such as ice voids, 
fronts, bores, and vortex like structures (e.g. Dalin et al., 2013; 

Thurairajah et al., 2013; Megner et al., 2018; Fritts et al., 2020). These 
structures that are generally signatures of atmospheric gravity waves 
(GWs), turbulence, and/or Kelvin Helmholtz instability provide impor
tant clues to the dynamic processes that control the summer meso
spheric region. While GW band structures are ubiquitous in mesospheric 
cloud fields (e.g. Dalin et al., 2004; Chandran et al., 2009), in this study 
we focus on a mesospheric front structure in PMCs, which we define as a 
solitary wave (i.e. a single wave with a wave crest) or a sharp step-like 
boundary that separates a mesospheric cloud and a no cloud region. We 
refer to this structure as a ‘front’ based on the terminology used in 
tropospheric weather systems i.e. cold or warm front that separate air 
masses with different density or temperature. 

Fronts in mesospheric clouds have been observed by ground-based 
cameras (Dubietis et al., 2011; Dalin et al., 2013), and from space by 
the Cloud Imaging and Particle Size (CIPS) experiment on the Aeronomy 
of Ice in the Mesosphere (AIM) satellite (Thurairajah et al., 2013). 
Dubietis et al. (2011) presented a case study of a localized 
quasi-stationary single wave event over Lithuania (55◦N, 26◦E). The 
wave observed for ~30 min by a ground-based camera was found to be 
moving in the north-northwest direction with an average speed of 5.0 ±
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1.7 m/s with respect to the ground. The authors noted that this slow 
speed created an illusion of a stationary wave. Using data from 18 such 
events, Dubietis et al. reported that these quasi-stationary waves had 
lengths varying from 50 to 450 km and lasted for 25–55 min. Dalin et al. 
(2013) presented a case study of a common volume ground-based and 
space measurement of a mesospheric front over Canada (55◦N, 113◦W). 
The visual horizontal extension of the front was 322 km and was 
observed to be moving at a ground speed of 31.1 m/s in the northwest 
direction. Common volume temperature observations from the SABER 
(Sounding of the Atmosphere using Broadband Emission Radiometry) 
instrument on NASA’s TIMED (Thermosphere Ionosphere Mesosphere 
Energetics Dynamics) satellite in the cloud area and in the cloud free 
area showed a temperature difference of 20–25 K at 84–85.6 km. Thus, 
across the visual boundary of the mesospheric front, Dalin et al. reported 
a meridional temperature gradient of 0.07 K/km at 85 km. Thurairajah 
et al. (2013) identified front structures using CIPS PMC images from 
2007 to 2011. Using visual identification, 9 fronts were observed in July 
of Northern Hemisphere (NH) 2007–2010 and 13 fronts in January of 
Southern Hemisphere (SH) 2008/2009–2010/2011 PMC seasons. The 
front on July 2, 2007 over Greenland (~80◦N, 50◦W) was observed over 
three consecutive images, with the sharp boundary starting to deterio
rate in the second and third images. This feature was reported to be 
moving at a speed of 60 m/s and given the 90 min cadence between 
successive CIPS images, was reported to have a lifetime of at least 90 
min. 

The above reports on PMC fronts are similar to mesospheric frontal 
events observed in OH airglow layers in the upper mesosphere 
(~90–100 km) (Brown et al., 2004; Pautet et al., 2018 and references 
therein). These mesospheric fronts in airglow images are classified as 
mesospheric bores or wall events based on the physical structure 
(Dewan and Picard, 1998). The mesospheric bore observed in airglow 
images is defined as a propagating sharp front that is usually followed by 
a wave train (known as an undular bore) or turbulence (known as tur
bulent bore) (Yue et al., 2010). It is understood that mesospheric bores 
can form and propagate due to an inversion layer (thermal duct) and/or 
a large wind shear (Doppler duct) in the mesopause region that forms a 
duct for bore propagation (Taylor et al., 1995; Dewan and Picard, 1998; 
Smith et al., 2005; She et al., 2004; Simkhada et al., 2009). These ducts 
support horizontal wave propagation and can form due to the forcing 

generated by the critical level interaction between GW and mean winds 
(Dewan and Picard, 2001). A wall event in airglow images appears as a 
dark or bright sharp front with trailing crests that have a phase shift with 
altitude, but is not ducted like mesospheric bore events (Swenson and 
Espy, 1995; Smith, 2014). 

Previous studies of PMC fronts have focused mainly on visual char
acteristics like the spatial extent of the dominant wave and the direction 
of propagation. To our knowledge, only Dalin et al. (2013) have re
ported on the presence of a significant temperature gradient across the 
boundary of an observed PMC front separating cloud and cloud-free 
regions. Given the visual similarity between PMC fronts and meso
spheric bores observed at a higher altitude (~90–100 km) in airglow 
images, a more detailed analysis of these structures may provide clues to 
the summer mesospheric dynamical processes that support their for
mation. In this paper, we present a detailed case study of a mesospheric 
front observed on July 2, 2007 by the CIPS instrument. We analyze the 
mesospheric environment surrounding this front using co-located 
SABER data. We analyze the background temperature structure, atmo
spheric stability, and GW amplitude, and any similarities to mesospheric 
bores. GW ray-tracing experiments are used to identify potential 
tropospheric GW sources, their propagation to the mesosphere, and their 
role in the observed PMC variability. 

2. Observations and analysis 

2.1. PMC front observed by CIPS/AIM 

CIPS is an UV panoramic imager (McClintock et al., 2009; Russell 
et al., 2009) that uses four cameras to image the atmospheric and PMC 
radiance in the latitude range of ~40–85◦N during the summer. PMC 
data in 2007 are reported in terms of cloud albedo, ice water content, 
and particle size at a horizontal resolution of 25 km2 (Lumpe et al., 
2013). CIPS images map nearly the entire polar cap with 15-orbits per 
day leading to multiple coverage of a single location. The CIPS cloud 
data have been validated against data from the Solar Backscatter Ul
traviolet (SBUV) instruments and have been found to be appropriate for 
science studies (Benze et al., 2009, 2011). Fig. 1 shows the CIPS albedo 
image for orbit 1013 on July 2, 2007. Albedo is defined as the ratio of the 
scattered radiance to the incoming solar irradiance (Rusch et al., 2009; 

Fig. 1. CIPS PMC image in an orbital swath obtained on July 2, 2007 (orbit 1013). The albedo color bar range is from 00 (dark blue) to > 39.0 × 10−6 (white) sr−1.  

Fig. 2. (left panel) A larger cropped version of the PMC front shown in Fig. 1. The yellow line indicates a scan across the boundary of the front. (right panel) The 
albedo values across the scan as a function of latitude. 
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Bailey et al., 2009). A PMC front is observed over Greenland at 19:14 UT 
and extends across the 900 km width of the CIPS orbit. No trailing waves 
are observed behind what appears to be a solitary wave. A cropped 
version focusing on the PMC front and the albedo values from a scan 
across the front structure is shown in Fig. 2. The PMC front shows a 
step-function in albedo i.e. a sharp boundary between cloud and 
cloud-free region. Between 80◦ and 80.5◦ latitude, the albedo decreases 
from a high of ~42 × 10−6 sr−1 to less than 5 × 10−6 sr−1. 

2.2. Temperature and water vapor from SABER/TIMED 

SABER is a limb-scanning infrared radiometer that measures global 
pressure, temperature, water vapor, geopotential height, and trace 
species from ~10 to 110 km (Russell et al., 1999). SABER temperatures 
are retrieved from the limb radiance in the 15 μm CO2 band and water 

vapor volume mixing ratios (VMRs) are retrieved from the limb radi
ances in the 6.3–7.3 μm spectral region. SABER temperature and water 
vapor have been validated by Remsberg et al. (2008) and Rong et al. 
(2019), respectively and are available at a vertical grid of 0.4 km. The 
temperature random errors are 1.4 K at 80 km and 3.3 K at 90 km. On 
July 2, 2007, three SABER events in orbit 30141 provide near-coincident 
temperature and water vapor observations across the boundary of the 
mesospheric front. These three closest observations to the PMC front 
occurred ~40 min after the CIPS observation. Fig. 3 shows a global map 
with the location of the front observed by CIPS on July 2, 2007 (19:14 
UT) and the location of the measurements made by SABER events E25, 
E26, and E27 at 19:52 UT, 19:53 UT, and 19:54 UT, respectively. These 
events span across the front and provide temperature and water vapor 
data in the cloud and cloud-free regions. The approximate distance be
tween E25 and E26 locations is 454 km, and between E26 and E27 is 

Fig. 3. Global perspective of the location of the front observed by CIPS. Green dots denote the SABER observation events E25, E26, and E27.  

Fig. 4. SABER (a) Temperature (b) water vapor and (c) saturation ratio, S profiles for events E25 (solid black), E26 (dashed), and E27 (solid blue) across the 
boundary of the PMC front. Grey horizontal line in (a) and (b) is at 84 km. Grey vertical line in (c) is at S = 1. 
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268 km. Since SABER is a limb-viewing instrument, each SABER 
observation is an average over an along track span of about 200 km or 
~2◦. 

Fig. 4a and b shows the temperature and water vapor profiles in the 
cloud-free region (E27), over the location of the front (E26), and the 
cloud region to the left of the front (E25). Even with the estimated 
movement of 60 m/s of this front structure, we assume that the profiles 
measured by E27 and E25 represent the temperature and water vapor in 
the cloud and cloud-free regions. Fig. 4a indicates that there is a pro
nounced mesospheric inversion layer (MIL) in the cloud-free region, a 
“normal” summertime temperature profile with a small non-significant 
enhancement in the cloud region, and a similar small temperature 
enhancement in between these two profiles. Following the definitions 
from Irving et al. (2014), the MIL in the upper mesosphere in event E27 
has the following characteristics-  

• Peak altitude = 84.7 km  
• Amplitude (Tmax-Tmin) = 20.8  
• Depth (Zmax – Zmin) = 1.9  
• Bottom side T gradient = 10.9 K/km  
• Top side lapse rate = - 8K/km 

Fig. 4a also shows that a temperature difference of 20 K separates the 
two different air masses (i.e. clouds, no-clouds). For example, the tem
perature at 84 km in the cloud (E25) region is 136 K and the temperature 
in the cloud-free region (E27) is 156 K. This result is similar to that re
ported by Dalin et al. (2013) where they concluded that this temperature 
difference was responsible for the front jump separating the area with 
and without mesospheric clouds. The water vapor profiles (Fig. 4b) 
indicate that at 84 km both the cloud and cloud-free regions have similar 
values of ~4.0 ppmv. PMCs form under conditions of cold temperatures 
and enhanced water vapor and exist when the saturation ratio (S) is 
much greater than one (i.e. supersaturated state). S is defined as the ratio 
of water vapor partial pressure (PH2O) and saturation vapor pressure 
(PSAT). From Murphy and Koop (2005), for a temperature T, PSAT is 
defined as, 

log(PSAT ) = 9.550426 −
5723.265

T
+ 3.53068logT − 0.007238232T (Pa) 

Fig. 4c shows the vertical profiles of S for events E25, E26, and E27. 
PMCs can form when PSAT < 1.0 × 10−8 hPa (low saturation vapor 
pressure; T < 145 K) and PH2O > 1.0 × 10−8 hPa (high water vapor 
partial pressure; H2O > 1.0 ppmv) (Rong et al., 2012). Thus the meso
sphere at a temperature of 136 K and water vapor mixing ratio of 4 ppmv 
will be super saturated (S ≫ 1) and the mesosphere at a temperature of 
156 K and water vapor mixing ratio of 4 ppmv will not be saturated (S <
1). This confirms that even with a time difference of 40 min between 
PMC and SABER observations, SABER was indeed observing cloud and 

cloud-free regions at 84 km in events 25 and 27, respectively. 
Between these two profiles, for SABER observation event E26, the 

temperature and water vapor at 84 km were 151 K and 3.5 ppmv, 
respectively. These conditions do not support the formation of PMCs (S 
< 1) and we believe that the front structure has moved to the left of the 
location of E26 shown in Fig. 3. However, since SABER makes limb 
observations, CIPS would still see PMCs at these warm temperatures if 
the clouds were in a wave trough along a 200 km limb path. At 86 km, 
more humid conditions exist over the cloud region (3.1 ppmv) compared 
to the cloud-free region (2.1 ppmv). Between these two regions there is 
drier and lower water vapor value of 1.3 ppmv. The temperature at 86 
km for all three events is < 145 K indicating that the mesospheric 
conditions at 86 km could have supported the formation of PMCs. 
However, as noted by Dalin et al. (2013), the warmer temperatures in 
the cloud-free region at the lower altitudes will have sublimated the 
falling ice particles leading to higher water vapor concentration. Since 
the growth time for the reformation of ice particles is much longer than 
sublimation (Dalin et al., 2013; Gadsden and Schröder, 1989) no PMCs 
will exist at these warmer temperatures. At 82 km, S ≈ 1 for E25 and E26 
and will not support the existence of PMCs. For E27, even though S > 1, 
the warmer temperatures at 84 km would not have allowed any ice 
particles to sediment down to 82 km. 

3. Gravity wave activity 

Temperature data from limb-viewing instruments such as SABER 
have been shown to be reliable for GW studies (e.g. Preusse et al., 2009; 
Ern et al., 2011; Yamashita et al., 2013; Thurairajah et al., 2017; Ern 
et al., 2018 and references therein). Here we summarize the method to 
derive GW temperature amplitude from SABER. Perturbation tempera
ture profiles are calculated by subtracting the background temperature 
profile, which is the sum of the zonal mean component (wavenumber 0) 
and planetary wave components (wavenumbers 1–5). A wavelet analysis 
is applied to the perturbation profiles to calculate three dominant ver
tical wavelengths. These wavelengths are then used in a harmonic fit 
(20 km sliding windows) to calculate the GW temperature amplitude. A 
detailed explanation of the methodology can be found in for example 
Thurairajah et al. (2017) and references therein. Due to its observation 
filter, in the vertical wavelength range between 4 and 30 km, and 
depending on the distance between two profiles, SABER can be sensitive 
to GWs with horizontal wavelengths >100 km. 

Fig. 5 shows the calculated GW squared temperature amplitude (T̂2) 
in the stratosphere and mesosphere and Buoyancy frequency squared 
(N2) in the upper mesosphere during the three SABER observation 
events. The GW temperature amplitude (Fig. 5a) is shown for the 
stratosphere and mesosphere from 25 to 80 km. Although SABER tem
peratures are available from ~15 to 110 km, this shortened altitude 
range is due to the 20 km sliding window used in the harmonic fits and 

Fig. 5. (a) GW squared temperature amplitude and (b) Buoyancy frequency squared for events E25 (solid black), E26 (dashed), and E27 (solid blue) across the 
boundary of the PMC front. The vertical grey line in (b) indicates N2 = 0. Note that the y-axis is different in (a) and (b). 
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the fact that the presence of MILs can introduce large errors in the 
perturbation temperature calculations. The GW amplitude increases 
exponentially with altitude for all three events, with a larger increase in 
the cloud-free region (E27). For example, at 75 km, the GW squared 
amplitude in the cloud-free region (E27) is 14.5 K2 compared to 5.8 K2 in 
the cloud region (E25). Previous studies on the influence of mesospheric 
GWs on PMCs have reported both a negative correlation between GW 
occurrence and PMC occurrence (Chandran et al., 2009), and a positive 
correlation between GW amplitude and PMC ice water content (Thur
airajah et al., 2020). Moreover, Wilms et al. (2013) have reported no 
correlation between GW kinetic energy and PMC occurrence. While 
many factors such as the spectrum of GWs and location (e.g. PMC at 
mid-latitudes may have been advected from high-latitudes and thus are 
not influenced by local GWs) play a role in the effect of GWs on PMCs, in 
this study, the higher GW amplitude in the cloud-free region may have 
supported the formation of the MIL (e.g. Fritts et al., 2018) leading to 
warmer temperatures and the destruction of PMCs. 

The buoyancy frequency squared in the mesosphere (Fig. 5b) in both 
the cloud and cloud-free regions shows wave like structure with vertical 
wavelength of ~6 km indicating wave propagation through the meso
sphere. N2 is positive (stable layer) at the altitude of 84 km (where PMCs 
typically occur), but is negative below and above this region indicating 
statically unstable regions. This structure has been shown to be favor
able for bore propagation (Hozumi et al., 2018). The pronounced MIL 
with the warmer temperatures likely destroyed PMCs. In the cloud re
gion, although the N2 structure may have supported the reflection of 
wave energy into a thermal duct that lead to the formation of the PMC 
front, the co-located temperature profile does not show a significant MIL 
(i.e. the small temperature enhancement is within the SABER tempera
ture measurement error). We would need temperature and wind mea
surements (large wind shears act as Doppler duct and may also support 
the formation of fronts) at the exact location and time of formation of the 
PMC front to verify if a thermal and/or Doppler duct is indeed respon
sible for the formation of PMC fronts. 

4. Tropospheric GW source and vertical propagation paths 

Since GWs play an important role in influencing the mesospheric 
environment, we investigate possible mesospheric GW sources in the 
lower atmosphere using tropospheric wind and geopotential height 
data. We also study the GW propagation paths using the Gravity-wave 

Regional Or Global Ray Tracer (GROGRAT) ray-tracing model. The 
GROGRAT ray-tracing model (Marks and Eckermann, 1995; Eckermann 
and Marks, 1997) provides GW propagation direction from the tropo
sphere to the mesosphere (e.g. Preusse et al., 2009; Yamashita et al., 
2013; Kalisch et al., 2014). The ray tracing equations take into account 
refraction of the wave vector due to vertical and horizontal gradients of 
the background atmosphere and includes meridional gradients of the 
Coriolis force. To identify tropospheric GW sources and for the 
ray-tracing simulations, we use winds, geopotential height, and tem
perature from the Navy Operational Global Atmospheric Prediction 
System –Advanced Level Physics (NOGAPS-ALPHA) model. This fore
cast/analysis model (Eckermann et al., 2009; Hoppel et al., 2008) as
similates data from the SABER and MLS instruments and provides a 
synoptic analysis of the atmosphere from 1000 to 0.01 hPa (~0–92 km). 
NOGAPS-ALPHA output is 6-hr global analysis fields at a spatial reso
lution of 2.25◦ latitude x 2.25◦ longitude. 

Gerrard et al. (2004) have shown that tropospheric maps can be used 
to infer low-level disturbances like tropospheric jets that can be directly 
correlated to the occurrence of mesospheric clouds. Dalin et al. (2015) 
used NLC observations and reverse ray-tracing model studies to 
demonstrate the connection between a tropospheric occluded front and 
the appearance of an NLC layer with propagating internal GWs. More 
recently, Solodonovik et al. (2020) used weather maps to show that 
tropospheric factors such as the movement of cyclones and cold fronts 
influence the appearance and formation of NLCs. Solodovnik et al. 
correlated PMC fields to tropospheric weather systems and concluded 
that the positive correlation may be due to the propagation of internal 
GWs that support PMC formation. Following these studies, Fig. 6 shows 
the NOGAPS-ALPHA geopotential height and zonal winds on July 2, 
2007 at 450 hPa (~6 km) in the area surrounding the location of the 
mesospheric PMC front. A low-pressure cell is present over the north
western tip of Greenland, to the right of the location of the PMC front. 
Additionally, a tropospheric frontal system is present to the south of 
Greenland over 40–50◦N. On top of this front, near the tropopause sits 
the polar jet with strong upper-level winds (not shown). The low pres
sure cell and the polar front jet are known sources of GWs (Fritts and 
Alexander, 2003) and persist through the day on July 2, 2007. In 
addition, the surface flow over the terrain of Greenland is a source of 
orographic GWs and Greenland is a known “hotspot” for GW generation 
(e.g. Hoffmann et al., 2013). 

To analyze if GWs from these three sources reach the mesosphere, 

Fig. 6. 450 hPa level map of geopotential height (line contour) in units of meters and zonal wind (colored contour) on July 2, 2007 at 18:00 UT. The letter “L’ 
denotes the low-pressure system over north-west Greenland. The approximate location of the PMC front is also shown. 
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GROGRAT simulations were performed by launching waves with hori
zontal wavelengths ≥100 km (λH = 100, 200, 400, 600, 800, 1000, and 
1200 km) and ground-based horizontal phase speeds (c) of 0 m/s 
(orographic waves) and 20, 40 and 60 m/s (non-orographic waves). The 
waves were launched at 5◦ latitude and 10◦ longitude intervals from an 
altitude of 6 km on July 2, 2007. The waves were allowed to propagate 
for ~1 day until they dissipated or reached the PMC altitude (84 km). 
The simulations indicate that the background conditions were not 
favorable for the propagation of orographic waves (c = 0 m/s) to the 
mesosphere. Most waves with ground-based phase speed of 20 m/s also 
did not reach the vicinity of the PMC front at ~65–85◦N, 270–360◦E. 

Fig. 7a shows the ray-paths from the tropospheric low pressure sys
tem (>75◦N) that reached the mesosphere around the PMC front loca
tion (~65–85◦N, 270–360◦E) for c = 40 m/s. Fig. 7b shows the ray-paths 
from the tropospheric frontal system (~40–50◦N, 270–360◦E) that 
reached the mesosphere between 40 and 90◦N, 270–360◦E (i.e. same 
longitudes as the PMC front location) for c = 40 m/s. The ray-paths for c 
= 60 m/s were similar to 40 m/s and are therefore not shown. The waves 
from the tropospheric low that reach the PMC front location are of 
shorter wavelengths with λH = 100–200 km. The majority of the waves 
from the tropospheric frontal system (40–50◦N) stay within this mid- 
latitude boundary in the mesosphere with a few longer wavelength 
waves (λH = 600–800 km) reaching the PMC front location. These 
wavelengths from tropospheric GW sources are in general agreement 
with previous modelling studies, where for example Gerrard et al. 
(2004) showed that GWs with λH ≈ 350 km can propagate from tropo
spheric lows to mesospheric altitudes, and O’Sullivan and Dunkerton 
(1995) showed that the horizontal wavelength of jet-generated GWs can 
vary from 600 to 1000 km. CIPS PMC images have also revealed 
mesospheric GWs with dominant horizontal wavelengths varying from 
10 to 2000 km (Chandran et al., 2010; Zhao et al., 2015). Given the 
narrow PMC front structure, the coarse model resolution, and the fact 
that if the PMC front is indeed a ducted wave then the wave could have 
been short lived and/or travelled 1000s of km, we cannot directly relate 
the tropospheric GW sources to the formation of the PMC front. How
ever, numerous studies have shown the vertical coupling between the 
troposphere and mesosphere via GWs. Given that these waves do reach 
PMC altitudes we believe that at least some of these waves may have 
been responsible for the formation of the MIL and are partly responsible 
for the PMC variability observed on this day. Fig. 7c shows a latitude 
longitude plot summarizing the ray paths from the two tropospheric GW 
sources to the location around the PMC front. 

5. Summary 

We reported on a PMC front structure observed by the CIPS instru
ment on July 2, 2007 over Greenland. This PMC front appears as a 

solitary wave and has a sharp boundary that separates cloud and cloud- 
free regions. Near-coincident temperature measurements across the 
PMC front boundary from SABER indicate a pronounced MIL in the 
cloud-free region. In the PMC region and close to the location of the front 
a small temperature enhancement is observed. Simultaneous water 
vapor measurements confirm that the cloud region is supersaturated 
supporting the formation of PMCs compared to the cloud-free region. 
The large temperature difference (20 K) between the cloud and cloud- 
free regions contributed to the sharp boundary at the PMC front. We 
calculated the GW amplitude and buoyancy frequency from SABER 
temperatures. The GW amplitude is larger in the cloud-free region 
compared to the cloud region. The buoyancy frequency in the meso
sphere indicates vertical wave propagation and alternate layers of un
stable and stable regions that support the formation of thermal ducts or 
inversion layers where a localized single wave can form. Thus, while the 
pronounced MIL destroyed PMCs leading to the cloud-free region, there 
is a possibility that a similar thermal duct in the PMC region lead to the 
formation of the PMC front. Coincident temperature and wind mea
surements are needed to verify this hypothesis. On July 2, 2007, 
tropospheric synoptic maps indicate persistent tropospheric weather 
systems (low-pressure cell, frontal systems) that are known GW sources. 
A ray-tracing simulation from these tropospheric GW sources indicate 
that some GWs reach the area near the PMC front. While we can only 
speculate that some of these waves that reached the upper mesosphere 
contributed to the formation of the MIL that may have supported a PMC 
front as a ducted wave or perhaps led to the observed cloud-free region, 
a higher resolution model that can include smaller horizontal wave
lengths (i.e. < 100 km) could provide a more detailed look at the GW 
dynamics that support various PMC structures. Along with these model 
results, more observational studies with a significant number of coin
cident front and temperature/wind observations are needed to 
completely understand the formation mechanism of PMC fronts. 
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Fig. 7. (a, b) Ray-paths as a function of latitude and altitude for GWs launched from the area of the (a) tropospheric low and (b) tropospheric frontal system and 
reached 270–360◦E longitude in the mesosphere. (c) A latitude longitude map indicating the location of the PMC front (blue), the tropospheric GW sources (low, 
frontal system) and the associated GW ray-paths (black arrows). The colors (black, blue, green, red, yellow) in (a) and (b) indicate the horizontal wavelengths of 100, 
200, 400, 600 and 800 km, respectively. 
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