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Abstract 10 

Satellite data analyses indicate that variations of daily mean Polar Mesospheric Cloud 11 

(PMC) height and mesopause height correlate on a range of intra-seasonal time scales both short 12 

and long (i.e., ~4 days to 2 months). The average of a multiyear analysis from OSIRIS/Odin, 13 

SNOE, AIM and SABER/TIMED data sets in the polar regions north (south) of 65°N (S) show 14 

that on a daily basis the mean PMC height ( m axZ ) is located 3.5 km ± 0.5 km below the mean 15 

mesopause height ( mesZ ) in both hemispheres throughout the season and for all years examined. 16 

The data show that the relationship persists over multiple PMC seasons. This is a robust result 17 

that has also been verified with thermodynamic equilibrium and microphysical modeling.  Model 18 

results from a large number of ensemble simulations show that m axZ remains ~ 3.5 km below 19 

mesZ as long as the vertical average of the ambient temperature minus the frost point temperature 20 

difference over the supersaturated region is about -10K  or less for all the individual simulations. 21 

m axZ is located less than 3.5 km below mesZ for warmer supersaturated region temperatures. The 22 
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distance between the cloud and the mesopause heights ( maxZZmes , or Z ) is controlled by the 23 

corresponding temperature structure in the supersaturated region. It is concluded that the 24 

variation of Z  is mostly driven by the variation of the temperature structure instead of the H2O 25 

mixing ratio magnitude or vertical distribution.  26 

Key Words:  Polar mesospheric clouds (PMCs); PMC height; Mesopause height; Temperature 27 

1. Introduction 28 

The polar mesospheric cloud (PMC) height is one of the fundamental variables used to 29 

describe PMC properties. PMC height has been loosely defined in several ways. For individual 30 

events observed by a variety of instruments (space-borne or ground-based) it has been defined as 31 

the altitude (tangent height for earth limb satellite measurements) where extinction, scattered 32 

limb radiance, or backscatter coefficient maximizes (sometimes referred to as maxZ ) [e.g., 33 

Gardner et al., 2001; Fiedler et. al., 2003; Petelina et al., 2006; Hervig et al., 2009a]. In model 34 

simulations it is commonly referred to as the altitude where ice mass density or mean ice particle 35 

radius maximizes [e.g., Jensen and Thomas, 1988 (hereafter referred to as JT88); Hervig et al., 36 

2009b]. Definitions of PMC height from different perspectives basically lead to consistent results 37 

if the clouds are analyzed for highly saturated conditions such as around the summer solstice or 38 

near the peak of the cloud season about fifteen days after solstice. Uncertainties that arise either 39 

from the way PMC height is defined or from the measuring technique are factors that must be 40 

considered in interpreting results although these differences are generally small for the purposes 41 

of the study described later in this paper.  42 

A stimulus for this current study of the relationship between mesopause and PMC heights 43 

was the occurrence of an anomalously large inter-hemispheric difference (IHD) in PMC heights 44 
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in 2007 observed by the Solar Occultation For Ice Experiment (SOFIE) instrument on the AIM 45 

satellite [Russell et al., 2009]. SOFIE showed, for the Northern Hemisphere (NH) summer of 46 

2007 and Southern Hemisphere (SH) summer of 2007-2008, nearly 3.5 km IHD in daily mean 47 

PMC heights (PMC are generally higher in the SH) in the beginning of the season declining to ~ 48 

2 km at around 25 days after solstice (Figure 1). A PMC climatology using satellite data prior to 49 

2005 [e.g. Bailey and Merkel, 2005; Wrotny and Russell, 2006] indicated only ~1.0 - 1.5 km 50 

IHD. Larger than expected IHDs, however, were observed in earlier years from ground-based 51 

lidar measurements by Chu et al. [2001, 2003] who reported an IHD of ~ 2-3 km. These authors 52 

suggested that the IHD in mesopause height ( mesZ  hereinafter) in 1999-2000 and 2000-2001 53 

summers may be the cause of similar differences in the PMC height. These results prompted 54 

examination of mesopause height IHDs using six years of observations made by the Sounding of 55 

the Atmosphere using Broadband Emission Radiometry (SABER) instrument onboard TIMED 56 

satellite [Russell et al., 1999] and indeed, the data show an anomalously large IHD in mesopause 57 

height in 2007 driven mainly by the increased SH mesopause (Figure 2).  These studies naturally 58 

led to the investigation of the relationship between the mesopause and PMC heights reported in 59 

this paper. 60 

It is reasonable to believe that a correlation may exist between the PMC height and the 61 

mesopause height considering the fact that the vertical range of the supersaturated region needed 62 

for cloud formation varies with mesopause height. However, little has been reported concerning 63 

an actual relationship. The analysis by Lübken et al. [1996] using simultaneous temperature 64 

measurements from falling sphere technique and lidar detected PMCs showed no correlation 65 

between the mesopause altitude and the height of the PMC layer. On the other hand, modeling 66 

studies by JT88 indicated that the cloud peak where the largest ice particles exist is ~ 3 - 4 km 67 
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below the mesopause. More recently, modeling studies using the Whole Atmosphere Community 68 

Climate Model (WACCM) with microphysics included [Daniel Marsh, NCAR, Private 69 

communication, 2009] and the Navy Operational Global Atmospheric Prediction System 70 

(NOGAPS) model with the Community Aerosol and Radiation Model for Atmospheres 71 

(CARMA) microphysical model included [David Siskind, Naval Research Laboratories, private 72 

communication, 2009;  e.g., Rapp et al., 2002; Rapp and Thomas, 2006] show larger mesopause 73 

versus PMC height differences than JT88 (i.e. 5 – 7km versus 3- 4km). Based on these 74 

discrepancies, a closer look at both the PMC height itself and its relative location from the 75 

mesopause is necessary to better understand the factors that control the PMC height variation 76 

from a observation based perspective. The purpose of the current study is to examine and 77 

quantify the relationship between the two heights despite the strong intra-seasonal and inter-78 

annual PMC variability.  79 

Examining the PMC height and mesopause height relationship has been challenging in 80 

the past because data availability has been poor in both spatial and temporal coverage. 81 

Mesopause height has been particularly difficult to obtain since many satellite data sets either do 82 

not cover the mesosphere or their vertical resolution is too poor to precisely locate the 83 

mesopause. Lidar measurements were historically the most reliable means for determining the 84 

mesopause height and temperature [e.g., Lübken and Müllemann, 2003]. These measurements 85 

have the limitation that they are taken at given stations and therefore are not representative of the 86 

entire polar region. The SABER experiment on the TIMED satellite [Russell et al., 1999] is one 87 

of a few satellite missions that are dedicated to middle and upper atmospheric research. The non-88 

degrading vertical resolution of SABER (~2 km) is a particular advantage in determining the 89 

mesopause. Furthermore, the remote sensing retrieval interleave method [e.g., Gordley et al., 90 
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2009; Remsberg et al., 2008] used for SABER makes the identification of the mesopause even 91 

easier because the vertical spacing of the data points are ~0.4-0.5 km. At the same time, PMC 92 

data temporal and spatial coverage has increasingly improved owing to several either long-lived 93 

or recent satellite missions (e.g., Odin and AIM among others). Therefore, the time is right for 94 

examining the relationship between mesopause height and PMC height more thoroughly. 95 

2. Data sets  96 

We have used several satellite data sets in this analysis including the following: 97 

SABER/TIMED level2A v1.07 temperature in the mesosphere (see Remsberg et al, 2008 for 98 

validation results); OSIRIS/Odin (Optical Spectrograph and Infrared Imager System) PMC data 99 

[Petelina et al., 2006, 2007]; SOFIE/AIM v1.022 H2O and PMC summary files (see Gordley et 100 

al., 2009 and Hervig et al., 2009a for descriptions of SOFIE retrieval and PMC detection 101 

algorithms); and SNOE (Student Nitric Oxide Explorer) PMC data [Merkel et al., 2001].  102 

SABER measures earth limb emissions in the infrared range from 1.27μm to 17μm, with 103 

kinetic temperature being retrieved from the CO2 channels at 15 µm. SABER was launched in 104 

December of 2001 onboard the TIMED satellite and has been taking measurements successfully 105 

up to the current date. TIMED has an orbital inclination angle of 74.1 degree that is relatively 106 

low compared to other polar orbiting satellites, but since the satellite yaws 180° every two 107 

months SABER is able to take measurements at very high latitudes in the northern or southern 108 

hemispheres alternately with latitude coverage from 53°S-84°N or 84°S-53°N. Summer 109 

mesopause temperature and height from SABER data has been one focus of retrieval studies 110 

throughout development of different data versions and the reliability of these data has been 111 

significantly improved in the current v1.07 release [Remsberg et al., 2008].  112 
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The Odin satellite was launched in February 2001 into a polar sun-synchronous and near-113 

terminator orbit with an inclination of 97.81° [Murtagh et al., 2002]. OSIRIS is one of the two 114 

instruments onboard Odin, and measures the spectra of scattered sunlight over the wavelength 115 

range 280 nm to 800 nm, with 1 nm spectral resolution. The PMC data used here is a reprocessed 116 

version provided by Petelina et al. [2006, 2007] who processed enhanced scattered limb radiance 117 

profiles taken in the polar summer mesospheric mode to detect PMC events. OSIRIS PMC 118 

brightness is available in two forms; relative brightness as a ratio of the measured radiance at 119 

PMC peak to the corresponding Rayleigh background or absolute brightness in units of 10
10 

120 

photons sr
-1

 cm
-2 

nm
-1

 sec
-1

.  In the current data version absolute brightness at 291 nm is used. A 121 

well known issue of the limb viewing geometry is that the clouds detected could be at the 122 

tangential altitude or in the far/near-field. In this regard the “true” position is always in question 123 

with the consequence that the actual cloud altitude could be higher than what is determined. 124 

Although a lower boundary of, say, 80 km, can be set to exclude the unrealistically low clouds, 125 

the cloud heights that appear quite normal could still come from the PMCs that are actually 126 

higher. This problem is less significant when the PMCs are strong and exhibit distinct centroid 127 

heights [private communication, Jörg Gumbel, Stockholm University, Sweden], such as, in the 128 

peak of the season around the summer solstice. OSIRIS provides an excellent data source to 129 

study the correlation between mesopause and PMCs in the extended polar cap region because it 130 

was launched around the same time as SABER and has near-global data coverage (82°S to 131 

82°N).  132 

SOFIE is a solar occultation instrument onboard the AIM satellite launched in April of 133 

2007 that measures temperature, water vapor, and other trace gases in the mesosphere in addition 134 

to its primary mission of monitoring PMCs. SOFIE latitude coverage is from 65° to 84° north 135 
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and south. Extinction profiles are measured in eight wavelength bands ranging from 0.330 μm to 136 

5.006 μm. Water vapor is retrieved from channel 3 at 2.462 µm and 2.618 µm, and PMC 137 

properties are from channel 5 at 3.064 µm and 3.186 µm, respectively.  SOFIE limb observations 138 

also have the same far/near-field issue with PMC height determination as discussed for OSIRIS.  139 

SNOE is an earlier mission that also measured PMCs (1998-2003) [Merkel et al., 2001; 140 

Bailey et al., 2005]. Two seasons of SNOE data (2003 north and south) are available before it 141 

was turned off to serve as a check on OSIRIS/SABER findings.  SNOE is an ultra violet 142 

spectrometer that measures limb scattered sunlight by nitric oxide (NO) at 215.0 nm and 236.5 143 

nm. Although observed NO scattering occurred mainly above 95 km altitude, scattering at higher 144 

altitudes produces NO effects in the lower altitude retrieval. These contributions were removed 145 

from the radiances by the SNOE team prior to the PMC retrieval. After removal of the NO 146 

contribution, the radiance includes Rayleigh scattering by nitrogen and oxygen molecules and 147 

backward and forward Mie scattering by PMCs. PMCs were detected from both SNOE channels. 148 

PMC brightness in the SNOE retrievals refers to the ratio of PMC brightness to an average 149 

Rayleigh background at 83 km (i.e., scattering ratio). North and south PMC brightnesses can be 150 

biased relative to each other by 30 times or more due to the smaller scattering angle in the south 151 

(<90°) versus the north (>90°).  In the following analysis we have excluded all the SNOE clouds 152 

for which the brightness is greater than 50 and this only occurs in the SH. The threshold of 50 153 

was chosen because 99% of the observed clouds have a SR of 50 or less.  The 1% with larger 154 

SRs are anomalously bright. Further their peak altitudes are anomalously high and their inclusion 155 

would significantly lift the mean cloud height. The SNOE team has determined that these 156 

anomalously bright and high clouds are the result of high levels of NO during that time period 157 
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that are not being fully accounted for in the algorithms. The team has verified that these clouds 158 

should not be included in the present analysis [Bailey et al., 2005]. 159 

3. Observations 160 

3.1 The relationship between the daily mean mesopause height and PMC height 161 

Figure 3 shows the intra-seasonal variation of the daily mean PMC height and mesopause 162 

height minus 3.5 km, for both hemispheres and for years 2002, and 2005-2007. Mesopause 163 

heights are obtained from analyzing SABER temperature profiles, and PMC heights are from 164 

SNOE and OSIRIS PMC data. A polar regional average is performed for both variables using all 165 

the measurements north/south of 65°N/S. The time series does not go beyond 25 days after the 166 

solstice because TIMED satellite yaws at this time and SABER polar coverage ends. The daily 167 

mean PMC height is calculated using the formula
iii BrgtBrgtZZ max_max_max_max
, where 168 

maxZ  is the PMC height, i is the index of the PMC events, and Brgtmax is the cloud brightness at 169 

maxZ . The PMC heights are weighted by the brightness to focus this study on the most intense 170 

clouds and to make the daily mean PMC heights measured by different instruments comparable 171 

without the necessity of setting up thresholds for cloud brightness to account for differing 172 

instrument sensitivities.  173 

We note from Figure 3 that m axZ and the daily mean mesopause height ( mesZ ) minus 3.5 174 

km present very similar intra-seasonal variations, and furthermore their values show fairly close 175 

agreement throughout the time period. Wavelet analysis (not shown) has revealed that in some 176 

cases the agreement exists on a range of periods from a few days to seasonal scales. However 177 

deviation from the 3.5 km difference does exist for a significant number of days. For example, in 178 

some instances in both hemispheres in the earlier part of the season the deviation is notable with 179 
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the clouds being at lower altitudes than the 3.5 km difference would predict. One possible reason 180 

for this to occur is that the mesopause in the early season is systematically higher than the 181 

OSIRIS cloud detection algorithm cutoff at 88 km [Petelina et al, 2006; Petelina et al., 2007].  182 

In order to test whether 3.5 km is a significant number, the daily mean mesopause – PMC 183 

height difference, i.e., maxZZ mes , or Z hereinafter, for NH, SH, and both hemispheres 184 

combined are examined statistically in Figure 4, using all the daily means shown in Figure 3. 185 

Binned by 0.5 km, all three distributions show peaks at the bin centered at 3.5 km. The data 186 

points that fall into the three bins centered at 3.5 km±0.5 km take up ~86% of all daily mean 187 

values. 188 

Figure 5 shows a similar plot as Figure 3 except for using SOFIE mesopause height and 189 

PMC height in the 2007 NH and 2008 NH, respectively. In this case ice mass density is used 190 

rather than brightness because it is directly retrieved from SOFIE observations. Only the NH 191 

case is shown because the SOFIE v1.022 SH mesopause height has a known negative bias 192 

relative to other datasets (e.g., SABER and ACE) that is currently being investigated. The SOFIE 193 

mesopause height and PMC height relationship shows a qualitatively similar characteristic to 194 

what is shown in the SABER/OSIRIS/SNOE analysis, but only for the time period ~5 - 10 days 195 

before the summer solstice to ~ 40 days after. Earlier or later in the season, SOFIE PMCs occur 196 

at notably higher altitudes than the  Z  = 3.5 km would predict.  197 

The degree of agreement between the SABER mesopause minus 3.5 km and the 198 

OSIRIS/SNOE PMC height is sufficient to suggest a potential underlying mechanism that 199 

connects the two heights, given its zero statistical mean and relatively small degree of spread 200 

(Figure 4). On the other hand, the vacillation around the Z = 3.5 km is equally important and 201 

worthy of clarification. Also, understanding the SOFIE NH mesopause and PMC height 202 
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relationship is vital in providing a wider perspective on this subject. Model studies were 203 

conducted to interpret these findings and results are discussed in Section 4 in this paper. 204 

3.2 Lack of latitudinal dependence in the polar summer region (>65°N/S) 205 

We have so far discussed a previously unreported observation of a relationship between 206 

the polar summer mesopause and PMC heights, i.e., Z = 3.5 km. Note that we have performed 207 

the analysis assuming that the latitudinal dependence of PMC and mesopause heights is not 208 

significant. In order to verify that latitude is unimportant in the calculations shown thus far, we 209 

examined the latitude dependence of Zmes and Zmax. 210 

Figure 6 shows a latitude versus days from solstice (DFS) cross section of the zonal mean 211 

SABER mesopause height in the 2007 northern and southern summers respectively. For both 212 

hemispheres, latitude ranges north/south of 65°N/S are shown. The southern hemisphere case is a 213 

shorter time series because SABER data are not available in January 2008. SABER ascending 214 

and descending nodes, corresponding to approximately two daily local times, do not make any 215 

qualitative difference in the results (not shown), indicating that the mesopause height is not 216 

sensitive to the local time. We can see significant intra-seasonal variability in both panels but it 217 

shows no consistent latitudinal gradient. This means that on a daily basis the polar regional 218 

average can accurately represent the features of entire polar region. Analysis of SABER data for 219 

different years (not shown) indicates qualitatively the same features, i.e., north/south of 65°N/S 220 

in the polar summer, the mesopause height zonal daily mean is not latitude dependent. But it 221 

should be noted that the range of latitude considered is important in making this argument since 222 

the above conclusions  may not be true for lower latitudes  (50°-65°N/S) where PMCs are also 223 

observed. PMCs detected in the 50°-60°N/S range by lidar for example, were at lower altitudes 224 

than those detected at high polar latitudes [Chu et al., 2004].  In the 50°-60°N/S range the 225 
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SABER mesopause height also has its lowest global values (not shown), and for some years this 226 

low mesopause is slightly extended into the 65°-70°N/S range.   227 

Figure 7 shows the intra-seasonal variation of the 2007 OSIRIS daily mean PMC height, 228 

cloud brightness, and the number of detected clouds, for latitude bands with 5-degree increments 229 

and for the entire region, respectively. For OSIRIS on the daily basis the geometric average of 230 

Zmax is slightly lower than the brightness weighted average. Although qualitatively negligible, 231 

this difference indicates a considerable number of dim clouds at low Zmax in the OSIRIS record. 232 

Figures 7a-7b indicate very small latitudinal variations in Zmax in both hemispheres, with the 233 

exception that the most equatorward clouds (at 65-70°N/S) can be slightly lower on occasion. In 234 

latitude range 65°-70°N/S the number of PMC events is smaller and the clouds are dimmer, and 235 

both variables tend to increase towards higher latitudes. The lower cloud heights for the 65°-236 

70°N/S range could be a demonstration of the latitude dependence of the PMC height at the 237 

lowest latitudes as discussed above, but due to the smaller number of clouds the statistics are less 238 

reliable. Also, the centroid altitudes of relatively dim clouds are more difficult to determine, and 239 

there is a real possibility that these dimmer clouds were in the near- or far-field of the limb view.  240 

The lack of latitudinal dependence in the PMC height is further supported by the SNOE 241 

PMC data in 2002-2003 (Figure 8). SNOE is a spinning satellite with a normal spin period of 242 

~12 seconds. This speed is 6-10 times faster than one OSIRIS scan. SNOE data points in one 243 

orbit are oversampled (~0.75  latitude increment for each spin), resulting in much denser data 244 

coverage in one orbit than for OSIRIS. A characteristic of SNOE PMCs is that the SH PMCs are 245 

nearly an order of magnitude brighter than the NH counterparts primarily because of the 246 

drastically different scattering angles in the two hemispheres [Merkel et al., 2001; Bailey et al., 247 

2005]. Since the cloud brightness (i.e., scattering ratio for SNOE) is used in calculating the daily 248 
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mean PMC height, this hemispheric difference has to be carefully considered. We found that 249 

some extraordinarily bright clouds (>100.0) in the SH lead to significant differences between the 250 

geometric mean and the brightness weighted mean. We resolved this issue by excluding some 251 

very bright clouds (~1%) using an upper brightness limit of 50.  We found that increasing this 252 

limit to as much as 70 does not affect the result. Under this condition the weighted and 253 

unweighted daily mean PMC heights are nearly identical in both hemispheres. Due to a 254 

considerably larger number of measurements from SNOE, excluding some events does not 255 

degrade the reliability of the daily mean values. Figure 8 upper panels show that the daily mean 256 

PMC heights for the different latitudinal bands are nearly identical, and that this is true for both 257 

hemispheres. The lack of latitudinal dependence in Zmax is more pronounced in SNOE than in the 258 

OSIRIS results. The seemingly lower PMC height in the 65°-70 N/S range shown in OSIRIS is 259 

not seen in SNOE.  260 

4. Model simulations of the PMC height 261 

4.1 0-D model description and rationale in the current study 262 

A zero-dimensional PMC model (referred to as 0-D model hereinafter) was developed by 263 

Hervig et al.[2009b] to simulate PMC ice mass density (Mice) versus altitude assuming that ice 264 

exists in thermodynamic equilibrium (i.e. no microphysics is involved in the model simulations). 265 

They considered saturation vapor pressures over ice from either Mauersberger and Krankowsky 266 

[2003] (MK03) or Murphy and Koop [2005] (MK05), and found that using MK03 generally 267 

yielded greater Mice and ice at higher temperatures. The 0-D approach neglects the time 268 

dependence of ice growth, sedimentation, horizontal and vertical transport, and sublimation. It is 269 

labeled as 0-D because the equilibrium state is directly reached without experiencing any 270 

development stage. The 0-D model results resemble the asymptotic state of a more complex 271 



 13 

micro-physics model such as CARMA (Turco et al., 1982; Jensen et al., 1989; Jensen and 272 

Thomas, 1994; Rapp and Thomas, 2006). Given the initial temperature, pressure and water 273 

vapor, CARMA reaches a near-steady state within less than 24 hours, which somewhat justifies 274 

the approach of using either the asymptotic state of CARMA or the 0-D modeled state to 275 

simulate the daily mean state of the PMCs.  276 

Hervig et al. [2009b] presented modeled PMC ice mass density vs. altitude using SOFIE 277 

temperature and H2O profiles. When using the MK05 vapor pressures, the model results were 278 

able to reproduce the observed Zmax to within -0.1 km, and the observed mass density at Zmax to 279 

within 16%.  280 

The 0-D model simulates the ice mass density using the environmental temperature, 281 

water vapor, and air pressure, and because it is computationally inexpensive it is ideal for 282 

simulating PMC conditions for large ensembles of observations. In this work 0-D simulations 283 

were conducted for SABER temperature profiles and SOFIE temperature and water vapor 284 

profiles in 2007. The model uses one pair of co-located and simultaneous measurements of 285 

temperature and H2O profiles to generate one PMC event and assumes a direct association 286 

between the PMCs and their local thermodynamic surroundings. This could at first sight 287 

contradict some of the previous studies. For example, simultaneous temperature and PMC 288 

measurements using the lidar technique did not show any direct correlation between the 289 

mesopause height and PMC height [Lübken et al., 1996]. Hansen and von Zahn [1994] also 290 

argued that there is only a limited dependence between the NLC/PMC displays and their local 291 

thermal conditions; instead, the conditions along the particle trajectory must be taken into 292 

account. Modeling studies [e.g., von Zahn and Berger, 2003; Berger and von Zahn, 2007] were 293 

conducted in several later papers to investigate the ice particle trajectories, depicting a 294 
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hypothetical picture of one particle undergoing significant vertical and latitudinal excursions 295 

within 24 hours. Wave analysis conducted by Merkel et al. [2009] using SABER temperature 296 

and CIPS/AIM (Cloud Imaging and Particle Size) PMC data [Rusch et al., 2008] suggested that a 297 

significant phase shift exists between the coldest temperature and the brightest cloud. It is so far 298 

inconclusive as to whether it is the PMC waves, the PMC transport, temperature waves or some 299 

combination of these factors that makes the short term (<1 day) variability so complex. 300 

The primary use and advantage of the 0-D model lies in its ability to obtain an ensemble 301 

mean (i.e., daily, polar regional mean) state of the PMCs without involving any complicated 302 

advection or vertical transport processes that create the short term (< 1 day) and spatial 303 

variability. Each simulation using one pair of temperature and H2O profiles (i.e., from SABER or 304 

SOFIE) is taken as being representative of the daily PMC behavior. The very good agreement 305 

between the 0-D model results calculated in this paper and the observations indicate that spatial 306 

and temporal details (<1 day) of the PMCs, which are not well known, do not change their mean 307 

state in any substantial way.  308 

4.2 Input conditions  309 

To acquire an overall understanding of all the input conditions that will be used we 310 

present in Figure 9 the mesopause temperature for all events in the NH from SABER and SOFIE, 311 

and the SOFIE water vapor vertical profiles throughout the season together with a reference 312 

water vapor profile taken from Rapp and Thomas [2006]. The pressure is taken from SABER 313 

data or SOFIE data depending on which data set is being used. Figure 9a shows the 2007 NH 314 

mesopause temperature for all SABER measurements in a latitude range centered at the SOFIE 315 

latitudes ±0.5 degree, along with all SOFIE measured mesopause temperatures throughout the 316 

season. It shows that there are some very low mesopause temperatures (<130 K) present in 317 
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SABER but not in SOFIE. This is not unexpected because SOFIE temperatures in the vicinity of 318 

the mesopause appear to have a warm bias and current efforts are underway to better understand 319 

this situation. However, the majority of SABER temperatures (large gray dots) are above 130K, 320 

which supports the argument that at SOFIE latitudes the temperatures are generally warmer than 321 

130K. Comparisons of NH SOFIE and SABER temperature profiles in most of the mesosphere 322 

show excellent agreement (<3K) for a coincidence box of 2° in latitude, 10° in longitude, and 2 h 323 

in time (see Figure 10).  In Figure 9b, the SABER temperatures shown in the 9a are repeated, 324 

and the remaining SABER events north of 65°N are shown by the small black dots. Although 325 

polar summer mesospheric temperature is generally colder at higher latitudes, the two subsets 326 

indicate that cold and warm events are not strictly separated by latitude ranges. Apparently there 327 

are some very cold SABER temperatures at SOFIE latitudes. Although fewer in number, these 328 

low temperatures could support some fairly strong PMCs at lower latitudes, depending on the 329 

water vapor availability. The water vapor volume mixing ratio (vmr) profiles used as input are 330 

shown in Figure 9c including the reference water vapor used in Rapp and Thomas [2006] and the 331 

SOFIE daily mean profiles throughout the 2007 summer season. SABER temperature profiles for 332 

any given day are paired up with either the reference H2O or the daily mean SOFIE H2O profile 333 

of the same day to perform the 0-D model simulations. The MK05 saturation vapor pressure 334 

formulation was chosen in this study. The use of MK05 or MK03 saturation vapor pressure has a 335 

finite impact on the ice top and ice bottom altitudes, i.e., the MK05 scheme causes ~0.5 km 336 

higher cloud height values than the MK03 scheme.  337 

4.3 0-D model results  338 

4.3.1 Intra-seasonal variation of the daily means 339 
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The modeled intra-seasonal variation of the daily mean Zmax and Zmes - 3.5 km are shown 340 

in Figure 11a  using SABER temperatures with the reference H2O (Figure 9c), and in Figure 11b 341 

using SABER temperatures with the SOFIE daily mean H2O profile. One SABER event 342 

produces one cloud if the temperature (T) is less than the frost point temperature ( fT  hereinafter) 343 

in the vicinity of the mesopause. The daily mean mesopause height ( mesZ ) is calculated using 344 

only those events that generated the clouds. Ice mass density weighting is applied when 345 

calculating m axZ . We have sorted the SABER events by the mesopause temperature prior to the 346 

model simulation.  Figures 11c-11d show m axZ and mesZ -3.5 km obtained from using a subset of 347 

the profiles with the top 10 coldest mesopause temperature (coldest-10). We note from Figure 11 348 

that the intra-seasonal variations of m axZ and mesZ  show close agreement and the values of 349 

m axZ and mesZ -3.5 km agree very well with only small deviations. SOFIE daily mean H2O, which 350 

increases (i.e., by ~3-4 ppmv) as the season progresses, causes slightly lower cloud altitudes 351 

(~0.2-0.5 km) on some days, but the overall impact is small. A sensitivity study conducted by 352 

Lübken et al. [2007] using the CARMA model indicated that multiplying a given water vapor 353 

profile by a factor of 10 will lead to ~2 km decrease of the PMC peak height, which suggests that 354 

it takes a drastic H2O change to yield a moderate change in the cloud height. It is therefore 355 

reasonable to conclude that in the real atmosphere water vapor plays only a minor role in the 356 

cloud height variation. 357 

As for the deviations from Z  = 3.5 km, a most obvious feature is that in the coldest-10 358 

case, m axZ  tends to be lower than the mesZ - 3.5 km while in the all-event case it is the opposite. 359 

This consistent difference between the two cases suggests that colder mesopause temperatures 360 

are linked to, on average, lower cloud heights. The possible temperature control is further 361 
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supported by a similar set of model simulations shown in Figure 12 that used observed SOFIE 362 

temperature and H2O profiles. All SOFIE events with the mesopause temperature below the frost 363 

point (obtained from the corresponding H2O profiles) are used to conduct the 0-D simulations. 364 

We note in Figure 12 the same features as seen in SOFIE observations in Figure 5, i.e., around 365 

summer solstice and ~ 40 days later the 3.5 km difference is better held but in the earlier and 366 

later season the clouds are higher. The separation between m axZ and mesZ -3.5 km, however, is 367 

larger than in the observations. One reason for this is that mesZ -3.5 km in Figure 12 appears at a 368 

lower altitude than in Figure 5 especially for solstice and later times and more so for 2008 than 369 

2007.  This is because SOFIE observed mesopause heights are lower for those temperature 370 

profiles that met the condition of T – Tf < 0. What also contributes to the larger separation is the 371 

fact that in the earlier or later season m axZ is higher than what is shown in Figure 5. The 372 

suspected warm bias in SOFIE temperature can probably account for most of this.   373 

4.3.2 Dependence of PMC height on T – Tf averaged over the supersaturated region 374 

Figure 13 shows 2007 NH and SH scatter plots of individual simulations on the plane of a 375 

height index vs. a temperature index. All the simulations using the SABER temperatures are 376 

included regardless of the day of the season. The temperature index is defined as the vertical 377 

average of the ambient temperature minus the frost point temperature, i.e., fTT , where the 378 

angular brackets represent the average over the altitude range where supersaturation exists. The 379 

height index is Zkm5.3 , where maxZZZ mes , so that falling on the zero line indicates 380 

precisely 3.5 km difference. A striking feature in Figure 13a is that in the cold temperature range 381 

(i.e., fTT  < -10K) the points are scattered above and below the 3.5 km line with comparable 382 

fractions, while Z decreases steadily at warmer temperatures. Both ice mass density weighted 383 
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and geometric means of Z are computed for each 1.0K bin, shown by the large symbols. The 384 

weighted version shows ~ 0.1-0.2 km lower cloud height but both the weighted and unweighted 385 

profiles are close to the 3.5 km difference line in the cold temperature range. The weighted mean 386 

cloud heights are slightly lower because in the model simulation the lower clouds have greater 387 

mass density. Figure 13b shows the SH case which indicates cloud height distributions that are 388 

fairly consistent with the NH case. This suggests that the mesopause and PMC height 389 

relationship remains the same even if the clouds are formed at a significantly higher altitude and 390 

lower ambient air pressure, as is the case for 2007 SH.  Another noteworthy point is that using 391 

reference H2O or SOFIE daily mean H2O makes only slight differences in the cloud heights, 392 

demonstrated by the near-perfect overlap between the dark and light gray dots and a ~0.1-0.3 km 393 

difference in the mean cloud heights averaged over the temperature bins.  394 

The variability of the modeled PMC heights above and below the “3.5 km” line stems 395 

from the variability in the model input conditions. In a similar scatter plot shown in Figure 14, 396 

the vertical axis is replaced by 3.5km– (Zmes –ZS=1), where ZS=1 is the lower altitude point of S=1 397 

and S represents the saturation ratio. ZS=1 can be used as another characteristic height because 398 

NLCs exist between Zmes and ZS=1[e.g., Höffner et al., 2003]. The distribution of the points in 399 

Figure 14 is nearly identical to what Figure 13 has shown except that they are shifted downward 400 

systematically by ~ 0.5 to 1.0 km. The ~ 0.5 to1.0 km difference is simply a result of the 0-D 401 

model mechanism showing that the largest water vapor mass density in excess of saturation 402 

assigned to the ice phase occurs ~ 0.5-1.0 km above the lower bound of supersaturated region. 403 

This distance is generally supported by observations although it was interpreted from a different 404 

viewpoint in previous studies. For example JT88 considered this difference to be a result of the 405 

balancing effect between the sedimentation and sublimation. The strong resemblance between 406 
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Figures 13 and 14 suggests that the structure (Zmes-ZS=1) and the strength ( fTT ) of the 407 

supersaturated region fully determines the PMC height in a 0-D model simulation. 408 

4.3.3 Variability of the modeled PMC height for any given fTT  409 

The relationship between Z and fTT  is definite but the individual simulations have 410 

shown a range of Z values for a given fTT , mainly because of the variability in Zmax. The 411 

vertical profiles of T, Tf, and ice mass density for a few selected simulations under conditions of 412 

(a) cold temperatures ( fTT = -15 K) with Z  being < 3.5 km, equal to 3.5 km, and >3.5 km; 413 

and (b) warm temperature ( fTT = -3 K) with Z  being <3.5 km, and >3.5 km, are shown in 414 

Figure 15.  415 

Under cold condition (a) the three mesopause temperatures or heights in Figure 15a are 416 

very similar to each other but their lower vertical bounds for the supersaturated region (ZS=1) 417 

show large differences. The profiles that present a more downward extended supersaturated 418 

region tend to have lower cloud peaks. Under cold temperatures these three types of occurrences 419 

appear with nearly equal probability between the mesopause and the PMC heights, resulting in a 420 

mean difference of ~3.5 km.  Under warm condition (b) when the temperature is marginally 421 

below the frost point, results show that in the majority of cases (see dashed curve in Figure 15b), 422 

the cloud will form just in the vicinity of mesopause without much flexibility to grow at any 423 

lower altitudes. The significant decrease of Z (or increase of 3.5 km- Z ) for the warmer 424 

temperatures in Figure 13 is a reflection of the narrowing distance between the two heights. In a 425 

rare but possible case (solid curve in Figure 15b), which did occur in some of our simulations, 426 

there is a broad temperature structure that is uniformly separated from the corresponding Tf line 427 
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by less than 5 K. Due to the larger water vapor abundance at lower altitudes a strong ice peak 428 

occurs at a relatively low altitude, that is 5.4 km below the mesopause in this particular 429 

simulation. Figures 13 and 15 together indicate that the mean difference of 3.5 km or less 430 

between the mesopause and PMC heights is a statistical outcome that is governed by the 431 

temperature in the vicinity of the mesopause.   432 

4.4 1-D CARMA model simulations of the PMC heights  433 

Theoretically speaking, nucleation, sedimentation of the ice particles, and the vertical 434 

wind, are essential processes in a PMC model to better represent the cloud formation and 435 

variation. We, however, have just shown that a model with all these processes ignored has 436 

successfully reproduced the observed PMC and mesopause height relationship. Questions 437 

necessarily arise regarding the roles of these processes in the PMC height determination. We 438 

have used the CARMA model [Rapp and Thomas, 2006] to briefly investigate these issues. We 439 

have chosen the simplest CARMA 1-D scenario assuming spherical particles and meteoric 440 

smoke with a uniform vertical distribution as ice nuclei. The CARMA default vertical wind 441 

profile was used, which imposes a persistent upwelling with a maximum speed of ~ 4.2 cm/s at 442 

around 86 km. The radiative transfer and gravity wave drag are turned off.  Different model 443 

schemes were detailed in a CARMA review paper by Rapp and Thomas [2006]. In the current 444 

study, the model output occurs at the end of a 24-hour simulation, and the simulations were 445 

performed using individual SABER events together with the reference H2O profile (see Figure 446 

9b-9c). Figure 16a shows a scatter plot using all the CARMA simulations. A similar distribution 447 

to that obtained using the 0-D model occurs, but a few significant differences do exist. 448 

The primary difference between CARMA and the 0-D model results is that the mean 449 

cloud height from CARMA is about 1.0-1.5 km lower in the cold temperature range ( fTT < -450 
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10 K). It was found that at the end of a 24-hour period the ice peak mass density is about twice as 451 

large as the 0-D model result, and the mean ice particle radius at the cloud peak reaches 80-100 452 

nm regularly. It appears that the fall velocity applied to these large particles has led to a strongly 453 

intensified and narrowed ice mass density peak at a systematically lower altitude. In this case, 454 

the mean PMC heights are significantly closer to the bottom of the supersaturated region. 455 

Increasing the vertical wind speed was considered as a possible remedy. A sensitivity study has 456 

shown however, that an increase of the upwelling rate (~2.0-3.0 cm/s originally) by a factor of 457 

up to 5.0, which is already unrealistic, is unable to lift the cloud height because it will result in 458 

longer exposure of the ice particles to the prevailing environment and cause further growth of 459 

ice. A more efficient approach to reduce the low bias in the CARMA modeled cloud height is to 460 

decrease the ice particle growth rate so that the sedimentation is significantly weakened. All the 461 

simulations shown in Figure 16a are repeated using a growth rate that is one-third of the default 462 

value but with all the remaining conditions unchanged. A similar scatter plot (Figure 16b) 463 

indicates that the mean cloud heights in the cold temperature range are significantly lifted (by 464 

~0.5-0.7 km) and show closer agreement with the 0-D model result. 465 

In the warm temperature range for fTT > -6K, CARMA simulations using the default 466 

growth rate show a large separation between the weighted mean and the geometric mean cloud 467 

height (plus and diamond symbols). In fact the weighted version of Z  shown in Figure 16a 468 

remains at ~ 3.5 km in the warm temperature range. This characteristic suggests that the PMC 469 

height is dominated by a few strong clouds while the majority of clouds are too weak to 470 

contribute much to the weighted mean PMC height. The extreme brightness variation between 471 

the strong and weak clouds is attributed to the ice particle growth microphysics. The Kelvin 472 

effect (i.e. the effect of particle size on saturation vapor pressure) strongly limits the growth of 473 
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the small ice particles; but as long as the barrier is exceeded, the growth will be overly fast using 474 

the model default growth rate. In the case with the changed growth rate (Figure 16b) the 475 

separation becomes less severe, showing qualitative agreement with the 0-D model result.  476 

The CARMA model study indicates that although the nucleation and vertical transport 477 

are indispensible elements of a model to faithfully reproduce the PMC evolution, several 478 

uncertainties arise from including these processes. The better agreement between the 0-D model 479 

results and observations suggests that the mean cloud peak altitude mostly remains at the altitude 480 

where water vapor mass density in excess of saturation is the largest. Vertical transport plays 481 

only a minor role in adjusting the curve upwards or downward.  482 

5. Summary 483 

The relationship between the PMC height and the mesopause height has been examined 484 

in the polar summer region using both satellite data analysis and modeling studies. The intra-485 

seasonal variations of the mesopause height and the PMC height averaged daily over the polar 486 

region (north/south of 65°N/S) agree over a range of time scales from 4-5 days to seasonal 487 

scales. Analysis of SNOE/OSIRIS/SABER PMC and mesopause heights for 2002 and 2005-488 

2007, shows that on average there is a ~3.5 km distance between the mesopause height and the 489 

PMC height in both hemispheres throughout the season with ~ 86% of the Z values falling in 490 

the range of 3.5±0.5 km. SOFIE 2007-2008 NH mesopause height and PMC height show the 491 

same relationship on days around summer solstice and ~ 40 days after, but in the earlier or later 492 

season the PMC peak altitudes are systematically closer to the mesopause than a 3.5 km distance 493 

would predict.  494 

A 0-D PMC model was used to interpret the mesopause and PMC height relationship on 495 

a daily mean basis. A large number of simulations were performed using SABER and SOFIE 496 
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measurements in 2007 (temperature and H2O) as input conditions at polar latitudes. Model 497 

results indicate that the vertical average of the temperature difference from the frost point 498 

temperature ( fTT ) in the supersaturated region determines the ensemble mean of the 499 

mesopause minus PMC height difference, i.e., if fTT < -10 K, the mean difference is ~3.5 500 

km, while if fTT > -10K, the difference is less than 3.5 km. The PMC height in the latter 501 

case is closer to the mesopause height. For individual model simulations Zmes – Zmax falls above 502 

or below the line of the “3.5 km difference”, depending on the vertical structure of T - Tf in the 503 

supersaturated region. Examination of H2O profile effects shows that the H2O mixing ratio is of 504 

minor importance in affecting the mesopause and PMC height relationship. 505 
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Figure captions 613 

Figure 1:   Summer intra-seasonal variations of v1.022b SOFIE measured PMC height in 2007 614 

for both hemispheres and the hemispheric differences. The thin and thick lines are 615 

daily mean and the 8-day smoothed time series, respectively. The PMC heights are 616 

weighted by the corresponding peak mass densities. The vertical bars indicate 617 

Standard Error of the Mean (SEM) levels for the daily mean time series, but they 618 

are shown only at the 8-day smoothed data points.  The half-length of the bar is the 619 

root-mean-square of the SEMs for the eight data points centered at the large 620 

symbols. 621 

Figure 2:   Summer intra-seasonal variations of the SABER daily mean mesopause height for 622 

both hemispheres and their hemispheric differences. Daily mean values are 623 

calculated using temperature profiles north/south of 65°N/S. 624 

Figure 3:    Summer intra-seasonal variations of SABER mesopause height minus 3.5 km and 625 

the PMC height from SNOE and OSIRIS. Both mesopause height and PMC height 626 

are daily mean values north/south of 65°N/S, and the PMC heights are weighted by 627 

the corresponding peak cloud brightness values. The vertical bars represent the 628 

Standard Error of the Mean. 629 

Figure 4:   Number of days on which the daily mean mesopause height minus PMC height fall 630 

into different ranges of values. The bin width is 0.5 km. All data in the previous 631 

figure are included. 632 

Figure 5:   Northern summer intra-seasonal variations of SOFIE mesopause and PMC heights in 633 

2007 and 2008. Daily means are calculated using all the profiles in the summer 634 
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hemisphere, and the daily PMC height is weighted by the ice mass density at the 635 

cloud peak. As in Figure 3 the SEM bars are also shown but only on one side for 636 

clear presentation. 637 

Figure 6:   Latitude versus time cross section of SABER mesopause height (km) in 2007 polar 638 

summer regions. The latitude bins are 2.5 degree each and all events within the bins 639 

daily are used to calculate the daily averages. The interval between adjacent 640 

contours is 0.5 km. 641 

Figure 7:    Summer intra-seasonal variations of OSIRIS variables for different latitude bands in 642 

the 2007 NH (left) and SH (right). Both the daily mean (thin) and 8-day smoothed 643 

daily mean (thick with symbols) are shown. (Upper) Brightness weighted PMC 644 

height, (middle) number of PMC detected, and (lower) PMC brightness (10
10 

645 

photons sr
-1

 cm
-2 

nm
-1

 sec
-1

). 646 

Figure 8:     Similar to Figure 7 except for SNOE PMC analysis. 647 

Figure 9:   Input and initial conditions used in the model studies. (a) SOFIE and SABER 648 

mesopause temperatures (black and gray) in comparable latitude ranges. Daily 649 

SABER profiles are chosen for the SOFIE latitude +/- 0.5 degree. Panel (b) repeats 650 

the gray dots in the left panel and shows all the remaining SABER mesopause 651 

temperatures north of 65°N with small black dots. (c) A reference H2O profile 652 

(thick dash line) and a series of SOFIE daily mean H2O profiles in the 2007 NH 653 

summer (solid lines). The different shades of color represent a sequence of days of 654 

year as the numbers indicated on the right. 655 
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Figure 10: Comparison of SOFIE and SABER NH temperature profiles in June and July, 2007-656 

2008. The comparison is based on 359 pairs of coincidences selected using the 657 

criteria of 10° in longitude, 2° in latitude, and 2 h in time. 658 

Figure 11:   Intra-seasonal variations of 0-D modeled daily mean PMC heights weighted by the 659 

cloud peak ice mass density and the corresponding daily mean SABER mesopause 660 

heights. (Upper) Model results using all SABER temperature profiles north of 661 

65°N, and (lower) using SABER profiles with the top 10 coldest mesopause 662 

temperatures. (Left) model results using the reference H2O profile, and (right) using 663 

SOFIE daily mean H2O profiles. 664 

Figure 12:   Similar to Figure 11 except for the modeling results using all SOFIE temperature 665 

and H2O profiles. 666 

Figure 13:  Scatter plots of the individual 0-D simulations using SABER temperature profiles 667 

north/south of 65°N/S for all days combined, and for (a) 2007 NH, and (b) 2007 668 

SH. The vertical axis is 3.5 km-ΔZ, so that the zero line indicates precisely 3.5 km 669 

difference between the two heights. The horizontal axis is the temperature 670 

difference from the frost point averaged over the supersaturated region. The dark 671 

and pale gray colors are for reference H2O and SOFIE daily mean H2O, 672 

respectively. The large symbols are the mean values of the small dots in each 1 K 673 

bin (see legends), and both geometric mean and the ice mass density weighted mean 674 

are calculated. 675 

Figure 14:  Similar to Figure 13 except that the cloud height is replaced by the lower altitude 676 

limit of the supersaturated region. The mean PMC heights (large plus and dot signs) 677 
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in Figure 13 are repeated to reveal the distance of the 0-D modeled PMC height and 678 

the lower altitude limit of the supersaturated region. 679 

Figure 15:   Examples of individual 0-D simulations using a few selected SABER temperature 680 

profiles and the reference H2O profile. (Left) Cold temperature case, when 681 

temperature difference from the frost point is around -15K. The angular brackets 682 

represent the vertical average defined in Figure 13. (Right) Warm temperature case, 683 

when the temperature difference is around -3 K. The squares are for peak locations, 684 

and the numbers next to them are values of 3.5 km-ΔZ, if negative the PMC peak is 685 

more than 3.5 km from the mesopause.  686 

Figure 16: Scatter plots of CARMA individual simulations using all SABER temperature 687 

profiles north of 65°N in 2007 NH. Only reference H2O is used. Vertical axis and 688 

the horizontal axis are the same as in Figure 13. The two panels are for simulations 689 

using different ice growth rates, (a) default ice growth rate in CARMA, and (b) a 690 

changed growth rate by factor of 0.33 from the default value. 691 

 692 
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