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Abstract. A variety of space-borne experiments have observed polar mesospheric clouds (PMC) 24 

since the late 20th century. Many of these experiments are on satellites in sun-synchronous orbits 25 

and therefore allow observations only at fixed local times (LT). Temperature oscillations over 26 

the diurnal cycle are an important source of PMC variability. In order to quantify long-term 27 

natural or anthropogenic changes in PMCs it is therefore essential to understand their variation 28 

over the diurnal cycle. To this end we employ a prototype global numerical weather prediction 29 

system that assimilates satellite temperature and water vapor observations from the ground to 30 

~90 km altitude. We assemble the resulting 6-hourly high-altitude meteorological assimilation 31 

fields from June, 2007 in both LT and latitude and use them to drive a one-dimensional PMC 32 

formation model with cosmic smoke serving as nucleation sites. We find that there is a migrating 33 

diurnal temperature tide at 69° N with a variation of ±4 K at 83 km, which controls the variation 34 

of PMC total ice water content (IWC) over the diurnal cycle. The calculated IWC is normalized 35 

to observations at 2300 LT by the Solar Occultation For Ice Experiment and allowed to vary with 36 

temperature over the diurnal cycle. We find that the IWC at 69° N has a single maximum 37 

between 0700 and 0800 LT, a minimum between 1900 and 2200 LT and varies by at least a 38 

factor of five. The calculated variation of IWC with LT is substantially larger at 57° N, with a 39 

single prominent peak near 0500 LT.  40 

41 
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1. Introduction 42 

 43 

Polar mesospheric clouds (PMCs) are tenuous layers of ice particles that form near 83 km 44 

altitude over the summer polar region. When observed from the ground, they are also known as 45 

noctilucent clouds (NLCs) by their glowing appearance as observed against the twilight sky. We 46 

hereinafter refer to all mesospheric clouds as PMCs for consistency. Some analyses of satellite 47 

observations over the past 30 years suggest that PMCs have become more frequent [e.g. Shettle 48 

et al., 2009] and brighter [e.g. Thomas et al., 2003; DeLand et al., 2003], fueling the suggestion 49 

that they are indicators of global climate change [Thomas et al., 1989; Thomas, 1996]. 50 

Ground-based observations indicate that PMCs exhibit tidally induced variations in 51 

brightness, altitude and occurrence frequency [von Zahn et al., 1998; Chu et al., 2003, 2006; 52 

Fiedler et al., 2005]. On the other hand, PMC observations are typically from satellites in sun-53 

synchronous orbits measuring at discrete local times (LT) during any given season. This is 54 

important because ground-based observations of brightness variations at a fixed location vary 55 

over the diurnal cycle by ±20% or more [von Zahn et al., 1998; Fiedler et al., 2005], yet reported 56 

multi-decadal PMC albedo trends are less than 1%/year [e.g. DeLand et al., 2007]. Constraining 57 

PMC secular variations clearly requires a quantitative understanding of diurnal effects so that 58 

inferred trends are uncontaminated by diurnal variations U [Stevens et al., 2007; Kirkwood et al., 59 

2008]. This is especially important for the suite of Solar Backscattered UltraViolet (SBUV) 60 

instruments, which have measured PMCs continuously from sun-synchronous orbits at a variety 61 

of fixed LT for over 30 years. For northern hemisphere data, these SBUV LT are biased almost 62 

exclusively to the morning from about 1979-1990 and then distributed approximately equally 63 

over the diurnal cycle from 1990 to the present [DeLand et al., 2007]. 64 
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One useful measure of PMC variability is the ice mass column density, sometimes called the 65 

total ice water content (IWC) [Thomas and McKay, 1985; Stevens et al., 2005; Rapp and 66 

Thomas, 2006; Stevens et al., 2007; Hervig et al., 2009a; Hervig et al., 2009b]. The IWC is the 67 

vertically integrated ice mass density and therefore a direct measure of the total ice present in a 68 

PMC layer. A quantitative simulation of IWC over the diurnal cycle requires knowledge of the 69 

ambient conditions with LT.  70 

We herein determine tidal variations of temperature, water vapor and winds over the diurnal 71 

cycle using meteorological analyses produced by the data-assimilation component of the 72 

Advanced-Level Physics High-Altitude (ALPHA) Navy Operational Global Atmospheric 73 

Prediction System (NOGAPS) in order to simulate variations in IWC with LT. In Section 2 we 74 

describe how we use the NOGAPS-ALPHA analysis for June, 2007 to drive a one-dimensional 75 

microphysical model and to simulate the diurnal variation of IWC. In Section 3 we compare the 76 

results at 69° N with IWC observations at discrete LT by the Solar Occultation for Ice 77 

Experiment (SOFIE) and the Cloud Imaging and Particle Size (CIPS) instrument on the NASA 78 

Aeronomy of Ice in the Mesosphere (AIM) satellite [Russell et al., 2009; Hervig et al., 2009a] as 79 

well as the Student Nitric Oxide Explorer [SNOE: Bailey et al., 2005]. We also compare the 80 

model IWC results at 57° N with cloud occurrence frequency observations over the diurnal cycle 81 

by the Spatial Heterodyne IMager for MEsospheric Radicals (SHIMMER) [Englert et al., 2008; 82 

Stevens et al., 2009]. In Section 4, we show tidal variations at PMC altitudes over three 83 

successive northern seasons and discuss the implications of all our results for long-term trend 84 

analyses. 85 

86 
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2. Modeling Approach 87 

 88 

Our modeling approach is designed to quantify the effects of migrating tides on heavily 89 

averaged PMC observations in the northern hemisphere.  This study therefore does not address 90 

the geographical variability of ice layers [Berger and Lübken, 2006], hemispheric differences of 91 

PMCs [e.g. Bailey et al., 2007; Lübken and Berger, 2007] or the modeling of long term PMC 92 

variability [Lübken et al., 2009]. We focus instead on how PMCs vary with LT in the Arctic so 93 

that small long-term changes inferred from existing satellite datasets fixed in LT may be 94 

uncoupled from diurnal variations. This may benefit the identification of any source of long-term 95 

PMC change. 96 

We first describe the ambient conditions over both latitude and LT and then use this time 97 

history to drive a one-dimensional microphysical model. To estimate the meridional transport of 98 

the ice particles, we use back trajectories based upon NOGAPS-ALPHA analyzed horizontal 99 

winds. These trajectories, and hence source regions, vary with LT since the wind field varies 100 

with LT. Starting from the source region for the target LT and latitude of interest, we integrate 101 

forward in time to drive the one-dimensional Community Aerosol and Radiation Model for 102 

Atmospheres [CARMA: Rapp and Thomas, 2006] from which the PMC properties are 103 

calculated.  104 

The calculated IWC is a function of how long the ice particles are subjected to temperatures 105 

below the frost point. This particle “lifetime” may be related to processes we do not consider 106 

such as gravity wave activity, and is therefore not well constrained by our model. However, we 107 

use the SOFIE IWC observations as a point of reference at 2300 LT and we adjust the model ice 108 

particle lifetime to agree with these data. To do this we introduce a warm bias to the model and 109 
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cool the model atmosphere to ambient conditions so that the resultant ice particle growth yields 110 

an IWC equal to SOFIE IWC observations at 2300 LT. To model the diurnal variation of PMCs 111 

we use 24 trajectories, one for each hour of LT, and use the same lifetime for each simulation. In 112 

the following two subsections, we first describe our composite wind and temperature fields from 113 

NOGAPS-ALPHA. We then discuss their use to drive CARMA. 114 

 115 

2.1 NOGAPS-ALPHA 116 

 117 

NOGAPS-ALPHA is a nonoperational research prototype of the U.S. Navy’s operational 118 

global numerical weather prediction system that extends its vertical range to ~90 km altitude, 119 

allowing us to simulate the PMCs near 83 km. Unlike climate models, this system is focused on 120 

accurate “nowcasting” and short-term forecasting of the global atmosphere. The system consists 121 

of two main components: a global forecast model that predicts future atmospheric conditions and 122 

a 3-D Variational Data Assimilation System (NAVDAS: NRL Atmospheric Variational Data 123 

Assimilation System) that provides synoptic initial conditions for those forecasts based on 124 

available observations. The two components work synergistically in a coupled forecast-125 

assimilation update cycle, with forecasts providing an estimate of the global atmospheric state 126 

that are updated every six hours by the assimilation of global observations. Our focus in this 127 

work is on the global analysis fields in the polar summer mesosphere provided by the 128 

assimilationU of mesospheric observations into the NOGAPS-ALPHA system.  129 

NOGAPS-ALPHA analysis fields have been extended upward by assimilating high-altitude 130 

observations from research satellites, in addition to the usual complement of operational sensor 131 

data at lower altitudes. Middle atmosphere temperature and water vapor observations are 132 
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assimilated from the Microwave Limb Sounder (MLS) on the Aura satellite and the Sounding of 133 

the Atmosphere using Broadband Emission Radiometry (SABER) instrument on the 134 

Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite.  The 135 

vertical resolution of the SABER temperature observations is ~2 km [Remsberg et al., 2008] and 136 

the vertical resolution of the MLS temperature and water vapor retrievals is ~10-12 km near 80 137 

km altitude [Lambert et al., 2007; Schwartz et al., 2008]. Hoppel et al. [2008] described initial 138 

experiments for January, 2006 that extended the analyses to 0.01 hPa by assimilating MLS and 139 

SABER temperatures. Eckermann et al. [2009] extended the system by assimilating newer 140 

versions of the temperature retrievals up to 0.002 hPa, in addition to MLS water vapor and 141 

ozone. It is these latter analysis fields that we use in the present work.  142 

The effective horizontal resolution of this NOGAPS-ALPHA analysis is approximately 2º 143 

latitude × 2º longitude although the output is interpolated onto a 1º × 1º isobaric grid. The 144 

assimilated temperature fields in the summer polar mesosphere revealed good agreement with 145 

independent satellite observations [Eckermann et al., 2009, their Figure 2]. Furthermore, 146 

saturation ratios derived diagnostically from assimilated temperature and humidity fields 147 

exhibited excellent agreement with PMCs observed from the ground, from SOFIE and from 148 

SHIMMER [Eckermann et al., 2009].  149 

The geophysical variability of the horizontal winds is ~20 m/s from one six-hour update 150 

cycle to the next and the geophysical variability of the temperatures is ~5 K, which combine to 151 

yield unreasonably large uncertainties in our back trajectories and cloud simulations. To reduce 152 

the variability, we average the NOGAPS-ALPHA synoptic fields of temperature, water vapor, 153 

horizontal and vertical winds on a LT grid for all of June, 2007. This month is chosen because it 154 

is during the TIMED yaw cycle that includes north-looking SABER data, thereby maximizing 155 
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the amount of assimilated temperature data in the polar summer. This June average of 120 6-156 

hourly assimilation update cycles removes all longitudinal variability and instead yields fields 157 

that isolate the migrating tides, which are now described as a function of latitude and LT only.  158 

In this way we derive representative conditions for the polar summer mesosphere for use in 159 

comparisons with longitudinally and seasonally averaged PMC observations. 160 

The average diurnal variations for June, 2007 from NOGAPS-ALPHA are shown at 83 km 161 

geometric altitude in Figures 1a for temperature and 1b for water vapor with the calculated 162 

degree of supersaturation shown in Figure 1c. Although the equilibrium vapor pressure of water 163 

vapor over ice at such low temperatures has not been measured directly, our diagnostic 164 

supersaturation ratios in Figure 1c use the expression of Marti and Mauersberger [1993] as 165 

recommended by Rapp and Thomas [2006]. From Figure 1a the temperature at 69° N is on 166 

average 143 K, in good agreement with the climatology of Lübken [1999] who finds the 167 

temperature to be 146±4 K at this altitude in mid-June.  A predominantly diurnal oscillation is 168 

present in temperature with an amplitude of about 4 K near 69° N, a minimum near 0300 LT and 169 

a maximum near 1700 LT, in agreement with the analysis at 60° N of Eckermann et al. [2009, 170 

their Figure 13]. This result from NOGAPS-ALPHA is also in good agreement with independent 171 

ground-based temperature observations by Singer et al. [2003], who report that the diurnal tide 172 

dominates summer mesospheric temperature variability at Arctic latitudes with an amplitude of 173 

3-8 K. Near the equator at 82 km altitude, temperature tides from NOGAPS-ALPHA have larger 174 

amplitudes of 5-10 K, in general agreement with data-validated results from the Canadian 175 

Middle Atmosphere Model for June [McClandress, 2002; Eckermann et al., 2009]. 176 

The water vapor in Figure 1b shows a slight overall enhancement near 65° N relative to mean 177 

values at other latitudes. This enhancement near 65° N was predicted in a modeling study by von 178 
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Zahn and Berger [2003] as being due to equatorward transport of PMCs to warmer regions 179 

where the ice sublimates; however, they were unable to verify this prediction with observations. 180 

Since the NOGAPS-ALPHA synoptic water vapor analysis is driven by MLS data, our result in 181 

Figure 1b can be considered as a validation of the von Zahn and Berger prediction.  182 

The water vapor mixing ratio from NOGAPS-ALPHA in Figure 1b is about 5 ppmv at 69° N 183 

and 2300 LT. This is in good agreement with independent SOFIE observations fixed at 2300 LT 184 

that show that the water vapor mixing ratio is about 5 ppmv in June, 2007 near 83 km altitude 185 

[Gordley et al., 2009].  The variation of the NOGAPS-ALPHA water vapor over the diurnal 186 

cycle is about ±0.25 ppmv in Figure 1b. This amplitude is smaller than that modeled by von 187 

Zahn and Berger who show variations of about ±3 ppmv at 82 km. This difference may be due to 188 

the coarse vertical resolution (10-12 km) of the MLS water vapor profiles used in the data 189 

assimilation.  190 

The degree of supersaturation (S) calculated from the temperature and water vapor in Figures 191 

1a and 1b, respectively, is shown in Figure 1c. PMCs can exist in regions where S>1 and the low 192 

morning temperatures in Figure 1a are reflected in the high degree of saturation during the same 193 

time period in Figure 1c. Note that S > 1 at all LT poleward of ~60º N. 194 

The derived zonal, meridional and vertical winds from the NOGAPS-ALPHA analysis are 195 

shown in Figures 2a-2c. The vertical winds are calculated diagnostically from the divergence of 196 

the horizontal wind fields [Hogan and Rosmond, 1991] and peak near 0400 and 1500 LT. The 197 

importance of vertical winds in the calculation of mesospheric ice particle properties is discussed 198 

in detail by Berger and von Zahn [2002]. Note that the NOGAPS-ALPHA absolute vertical wind 199 

speeds reach up to 20 cm/s. This is considerably larger than those used by some other previous 200 

PMC modeling studies, which show mean vertical winds from 2-5 cm/s near 83 km altitude [e.g. 201 
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von Zahn and Berger, 2003; Siskind et al., 2005; Herbort et al., 2007]. We note that ground-202 

based lidar observations near 40° N have indicated a predominantly semi-diurnal variation in 203 

vertical winds with amplitudes near 30 cm/s in this region of the atmosphere [Kwon et al., 1987]. 204 

For comparison, average sedimentation rates of PMC ice particles at 83 km altitude are smaller 205 

and around 0.1-6 cm/s [Klostermeyer, 1998].  206 

To distinguish the relative amplitudes of the migrating diurnal and semi-diurnal tidal 207 

component, we have Fourier transformed the temperatures shown in Figure 1a and show the 208 

results in Figures 3a and 3b. For these results we have assumed that a 24-hour period 209 

corresponds exclusively to the wavenumber 1 solar migrating diurnal tide (Figure 3a) and that a 210 

12-hour period corresponds exclusively to the wavenumber 2 solar migrating semi-diurnal tide 211 

(Figure 3b).  Figure 3a shows that the diurnal tide has the largest amplitude between 50-60° N, 212 

and dominates over the semi-diurnal tide in Figure 3b throughout the PMC region. 213 

To illustrate how pervasive the oscillation of NOGAPS-ALPHA vertical winds is with 214 

altitude over the diurnal cycle, Figure 4a shows a cross section of the vertical winds at 69° N 215 

over both LT and altitude in the PMC altitude region between 80 and 87 km. The calculated 216 

PMC altitudes using CARMA are also shown and are determined by the altitude of maximum ice 217 

volume density for each simulation. The PMC altitude varies over the diurnal cycle but on 218 

average is near 83 km, consistent with observations and model results [Lübken et al., 2008]. As 219 

expected, the PMC altitudes reach a maximum at the node between the maximum upward and 220 

downward vertical wind. Figure 4a also illustrates that the strong upward winds near 0400 and 221 

1500 LT are present throughout the upper mesosphere and would help drive the altitude 222 

variations of both PMC and polar mesospheric summer echoes (PMSE) in a similar way as is 223 

observed from ground-based observations [von Zahn and Bremer, 1999; Hoffmann et al., 2008]. 224 
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Direct comparisons of our model results in Figure 4 to altitude variations over the diurnal cycle 225 

from ground-based observations are limited by differences in the ice particle history inherently 226 

present in observations at a fixed location such as gravity wave activity, planetary wave activity 227 

and non-migrating tides. 228 

Figure 4b shows the variations in temperatures over the diurnal cycle for the same altitude 229 

region. Note that the PMC altitude variations driven by the vertical winds slightly modify the 230 

diurnal oscillation of temperatures on the ice particles compared to oscillations at a fixed altitude 231 

surface of 83 km. So although the temperature excursions at 83 km are ±4 K, the temperature 232 

excursions to which ice particles are subjected are about ±3 K. 233 

In order to help validate the horizontal and vertical winds shown in Figure 4a, we compare 234 

them with ground based horizontal meteor winds observed at 69° N (Andenes, Norway) and 85 235 

km geometric altitude in Figure 5. In addition, we performed five short term integrations of the 236 

forecast model component of NOGAPS-ALPHA, initialized at different days spanning the month 237 

of June 2007, and present the calculated winds from the third model day of those simulations as 238 

an additional curve. A semi-diurnal oscillation in both the meridional and zonal component, with 239 

a stronger peak later in the day, is evident in all three curves. The agreement between both 240 

components of NOGAPS-ALPHA (forecast model and assimilations) and with the observations 241 

is very satisfying because the two NOGAPS-ALPHA components derive winds differently. 242 

NOGAPS-ALPHA does not assimilate any middle atmospheric wind data directly, but rather, as 243 

part of the temperature assimilation, calculates correlated temperature and wind increments 244 

based upon a gradient wind approximation in the off-diagonal elements of the background error 245 

covariance matrix. The forecast model winds are constrained by the physical parameterizations 246 

in the model (e.g. gravity wave drag, diffusion and tides forced by the model at lower altitudes 247 
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that propagate into the mesosphere). Thus the NOGAPS-ALPHA winds are primarily data-248 

driven; the forecast winds are primarily constrained by the model physics. The validation 249 

presented in Figure 5 with the meteor radar winds can thus be considered a true three-way 250 

intercomparison between two approaches to calculating winds and the Andenes data. 251 

 252 

2.2 Ice Particle Trajectories and CARMA  253 

 254 

As noted earlier, our approach is a two step process.  We first use the NOGAPS-ALPHA 255 

analyzed horizontal winds to calculate hypothetical cloud parcel trajectories at 83 km altitude 256 

from a given latitude. We focus herein on two latitudes for which we have data in June, 2007: 257 

69° N and 57° N. Contributions from the effects of vertical winds are small so variations on the 258 

trajectory due to changes in the ice particle altitude are not included here. Since the prevailing 259 

motion of the ice particle is from east to west, a small correction is made to the LT at each time 260 

step because the zonal winds are pushing the ice parcels toward earlier LT.  For an average 261 

westward wind of 30 m/s, this correction amounts to about 10 minutes per hour at 69° N. 262 

The second step uses CARMA to simulate PMC formation and growth. We integrate forward 263 

in time along the trajectory and use the appropriate temperature and vertical wind fields at each 264 

time step as inputs to CARMA.  CARMA has been used in many previous PMC studies and we 265 

use the same version as that used in Rapp and Thomas [2006], although modified to use the time-266 

dependent inputs along its trajectory as described above. We use the same eddy diffusion as 267 

recommended by Rapp and Thomas and do not vary it with LT. Ice properties are saved from the 268 

last time step at each hour of LT from a fixed (target) latitude for comparison to observations 269 

over the diurnal cycle at that latitude. 270 
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The NOGAPS-ALPHA temperature, water vapor and vertical winds are provided in 1° 271 

longitude increments, equivalent to every four minutes in LT. Although the microphysics is 272 

recalculated every 100 seconds, the time increment over which CARMA is updated with new 273 

temperature and vertical wind profiles is therefore every 240 seconds. The water vapor is 274 

initialized once, using the relevant profile for the target local time and latitude, and allowed to 275 

redistribute so that the water vapor responds to vertical transport rather than horizontal transport.  276 

The vertical grid spacing for NOGAPS-ALPHA is about 2 km and this output is interpolated 277 

onto the finer (0.25 km) grid of CARMA.  278 

We assume that cosmic smoke is the nucleation source of all the ice particles and initialize 279 

the model once with the distribution reported for mid-June at 74° N by Bardeen et al. [2010]. 280 

These model smoke results show that it is depleted in the summer polar mesosphere due to 281 

relatively rapid equatorward transport [Megner et al., 2008; Bardeen et al., 2008], in agreement 282 

with SOFIE smoke observations [Hervig et al., 2009c].  283 

We have chosen to investigate PMC IWC since it is a vertically integrated property, thereby 284 

avoiding the need to accurately simulate the peak of a narrow ice layer, and since it is relatively 285 

insensitive to variations in the ambient conditions other than temperature and water vapor [Rapp 286 

and Thomas, 2006; their Table 1]. We first present a sensitivity study showing how IWC varies 287 

depending on the modeling approach. Specifically, we show how IWC varies with fixed ambient 288 

conditions, with variations over latitude and LT and with varying ice particle lifetimes. These 289 

simulations focus on results near 2300 LT since this corresponds to the SOFIE observations. The 290 

SOFIE IWC is an average for June, 2007 (39 µg/m2) but we increase this by 39% (54 µg/m2) 291 

based on the reported latitudinal variation of ice mass from the average SOFIE latitude (66° N) 292 

in June to 69° N [Stevens et al., 2007]. 293 



14 

Figure 6 shows a variety of CARMA simulations in which we have varied the assumptions 294 

used in the calculation of IWC. Each of the simulations in Figure 6 is integrated for 48 hours but 295 

only results for the last 24 hours are shown. Because the IWC is a function of the ice particle 296 

growth rate and the particle lifetime, we introduce a warm bias to the ambient temperatures and 297 

remove the bias in different ways as described below. The water vapor profile for all simulations 298 

in Figure 6 is initialized once and allowed to redistribute vertically through freeze-drying. 299 

Figure 6a shows an IWC simulation where the ambient temperature is given a 30 K warm 300 

bias and then abruptly set to the temperature profile at 69° N and 2300 LT, after which the ice 301 

particles are allowed to nucleate and grow over a period of 24 hours. This simple approach also 302 

uses a constant vertical wind profile from 69° N and therefore neglects all effects of diurnal 303 

variations and horizontal transport from higher latitudes. For the simulation in Figure 6a we 304 

calculate an IWC of 140 µg/m2 at the end of the final 24 hours. Rapp and Thomas [2006] use the 305 

same approach of a “cold start” with a fixed temperature and vertical wind profile to calculate 306 

the IWC. Although they did not use the same temperatures, vertical winds, water vapor or 307 

meteoric smoke as our simulation they nonetheless find an IWC of 135 µg/m2 for their reference 308 

case after 24 hours, very similar to our calculated value. These results are however a factor of 309 

~2.5 larger than the SOFIE observation indicated in Figure 6a. Bardeen et al. [2010] used the 310 

three-dimensional Whole-Atmosphere Community Climate Model (WACCM) with 311 

microphysics from CARMA to derive an IWC of 12-51 µg/m2 at 66° N and 2300 LT, in good 312 

agreement with the SOFIE observations for June, 2007.  313 

Figure 6b shows the results of two simulations, each of which includes the effects of 314 

transport from higher latitudes. The variations of LT and latitude over one day of elapsed time 315 

are indicated on the upper axes of this panel. In one case we have started the ice formation 316 
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abruptly with the temperature and vertical wind profiles starting 24 hours prior and run the 317 

simulation for 24 hours while continuously updating these profiles along the trajectory. This 318 

yields an IWC that is about a factor of four larger than the SOFIE observation.  319 

This "cold start" approach, whereby CARMA is initialized from a highly supersaturated state 320 

and with clouds growing quickly, is likely unrealistic. It is more likely that clouds grow more 321 

slowly as the air starts out subsaturated, then cools and becomes progressively more saturated. 322 

Unfortunately we cannot fully address this since our microphysical model is not coupled to the 323 

background atmosphere [ as in Bardeen et al., 2010].  Furthermore, there is little observational 324 

data as to the time history of the PMCs. Instead, our approach is to simply assume the air is 325 

subsaturated and apply a progressively decreasing temperature bias along the parcel trajectory. 326 

To fit the SOFIE observations, we set this cooling rate to -0.68 K/hr from an initial temperature 327 

bias of +30 K at all altitudes in Figure 6b. The ice particles are therefore subjected to ambient 328 

conditions for only 3-4 hours out of a total of 48 hours of microphysics. We note that this 329 

effective ice particle lifetime of 3-4 hours is an order of magnitude smaller than the ice particle 330 

lifetime inferred by Berger and von Zahn [2007], who instead derived their lifetime from the 331 

observed size distribution at the peak of the ice layer at 69° N. However, the particle lifetime 332 

used herein is consistent with the more recent study of Zasetsky et al. [2009] who argued that 333 

particles form in 2-20 hours. As indicated in Figure 6b, longer lifetimes increase the IWC 334 

beyond the SOFIE observations for our June, 2007 case study at 2300 LT.   335 

Figure 6c shows the results for simulations at four different LTs: 0700 LT, 1400 LT, 2100 336 

LT and 2300 LT. 0700 LT and 2100 LT are chosen because they yield the maximum and 337 

minimum IWC over the diurnal cycle, respectively, 1400 LT is chosen because it corresponds to 338 

some of the CIPS observations (discussed in the next section) and 2300 LT corresponds to the 339 
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SOFIE observations reproduced from Figure 6b. Figure 6c illustrates that the simulations that 340 

end at 0700 and 1400 LT produce clouds earlier than the others, but that the ambient conditions 341 

are reached at the same point in each simulation. The IWC is largest at 0700 LT because this is 342 

just after the low temperature phase of the diurnal cycle and IWC is smallest at 2100 LT because 343 

this is just after the time of highest temperatures (see Figure 4). 344 

The cooling rate (-0.68 K/hr) and the temperature bias (+30 K) used in Figure 6c are selected 345 

to yield a solution consistent with SOFIE at 2300 LT. However, other combinations of these two 346 

parameters can also fit the SOFIE data. We herein also consider cooling rates of -0.5 K/hr and -347 

1.0 K/hr to assess the impact on the resultant IWC, consistent with representative rates for 348 

heterogeneous nucleation as discussed in the recent work of Murray and Jensen [2010] that 349 

bracket our baseline case. These cooling rate changes vary the exposure time to conditions which 350 

favor growth. The temperature biases for these two cases are chosen to fit the SOFIE data at 351 

2300 LT at the end of each 48 hr integration. Figure 6d shows the results for a -0.5 K/hr cooling 352 

rate (+22.8 K bias) and -1.0 K/hr cooling rate (+44.4 K bias) at 2300 LT and also at the 353 

maximum IWC at 0700 LT. The IWC at 0700 LT are very similar and we consider the effects of 354 

these different cooling rates over the entire diurnal cycle in the next section.  355 

 356 

3. Diurnal IWC Simulations 357 

 358 

3.1 Results for 69° N 359 

 360 

Figure 7 shows the calculated IWC at each hour of LT over the diurnal cycle. For each of the 24 361 

simulations, the temperatures and the vertical winds were specified along a trajectory defined by 362 
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the horizontal winds and ending at the local time of interest. The water vapor is initialized once 363 

for each LT at 69° N and allowed to redistribute vertically through freeze drying, as for the 364 

simulations in Figure 6.  In addition to our baseline case shown in Figure 6c, we include results 365 

with more cooling and less cooling as discussed in the previous section. The shaded area in 366 

Figure 7 shows the range of solutions at each LT from the three different simulations.  As with 367 

the PMC altitudes shown in Figure 4, a comparison of the IWC variation over the diurnal cycle 368 

with ground-based observations from a single location is misleading because the ice particles 369 

observed at one location can be subject to processes that we cannot reproduce with our approach. 370 

We instead compare the simulated IWC to zonally averaged satellite observations measuring at 371 

discrete LT.  372 

On Figure 7 there are also two zonally averaged observations of IWC from CIPS [version 373 

3.20 retrievals: see Rusch et al., 2009; Benze et al., 2009], which measures near 1350 and  2240 374 

LT in the northern hemisphere on the descending and ascending nodes of the AIM orbit, 375 

respectively. SOFIE is a solar occultation instrument and sensitively measures the IWC directly 376 

whereas CIPS is a nadir imager and less sensitive, so we have applied an upward adjustment to 377 

the CIPS data using separate common volume (CV) observations [Russell et al., 2009]. This 378 

upward adjustment is discussed further below.  379 

Near 69° N, SOFIE and CIPS execute observations that are specifically coordinated to 380 

observe the same volume of ice. We define the average IWC from these CV observations as the 381 

vertical integral of the ice mass density through a cloud, multiplied by the cloud frequency 382 

during June, 2007. In the case of CIPS, the cloud frequency is determined by the number of CIPS 383 

pixels in which a cloud was detected divided by the total number of CIPS pixels along the 384 

SOFIE line of sight.  For SOFIE, the cloud frequency is the number of occultations in which a 385 
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cloud was detected divided by the total number of occultations. Using this approach, SOFIE 386 

yields an IWC consistently higher than CIPS because many clouds along the SOFIE line of sight 387 

are below the CIPS detection threshold.  388 

To account for the reduced sensitivity of CIPS, we scale the CIPS CV IWC up to the SOFIE 389 

CV IWC. However, we do not know independently how much IWC is below the CIPS threshold 390 

away from the CV. We therefore calculate a scale factor for the undetectable ice in two ways: 391 

one scale factor (4.9) assumes that the observations with no PMCs are indeed clear air and one 392 

(1.9) assumes that these observations are at the CIPS threshold. We find that the average CIPS 393 

IWC threshold is 18 µg/m2, which  corresponds on average to a CIPS directional albedo 394 

threshold of 5 × 10-6 sr-1. To be consistent with this approach in the CV, at 69° N we assign 395 

values of zero where there is clear air and use the scale factor of 4.9 for one solution and the 396 

smaller scale factor of 1.9 for the other solution. The results are shown in Figure 7 and on 397 

average the CIPS IWC near 1400 LT is 58 µg/m2 whereas the IWC near 2300 LT is 31% smaller 398 

at 40 µg/m2. The agreement of the scaled CIPS data with the simulations in Figure 7 is good, 399 

although these data do not significantly help to validate the large dynamic range of the IWC 400 

simulated by CARMA using NOGAPS-ALPHA analyses because CIPS does not make 401 

measurements at those LTs when our model predicts a large IWC.  402 

To help validate the larger morning IWC, we use observations from SNOE near 1000 LT. 403 

SNOE was launched into a sun-synchronous orbit in February, 1998 and observed PMCs for 404 

nearly six years over both poles [Bailey et al., 2005]. Stevens et al. [2007] inferred the PMC ice 405 

mass from SNOE observations in the Arctic from the cloud brightnesses and occurrence 406 

frequencies. The reported SNOE ice mass for mid-solar cycle conditions at 70° N is equivalent to 407 

an IWC of 53-106 µg/m2, depending on the ice particle size distribution. Since the study here 408 



19 

focuses on solar minimum conditions and since PMCs are known to be brighter and more 409 

frequent at solar minimum, we apply an upward correction to this IWC, which is described 410 

below.   411 

Several studies have calculated the solar cycle variation of ice content (sometimes called 412 

H2O(ice)), ice mass or IWC, which all scale the same way. Siskind et al. [2005] reported a ratio 413 

of the ice content from solar minimum to maximum of a factor of three near 70° N, which they 414 

regarded as a likely upper limit. Stevens et al. [2007] used SBUV data to show that the variation 415 

of ice mass is at least a factor of two over the solar cycle. Using these studies, we therefore take 416 

the solar cycle variation of IWC to range from a factor of two to three from solar maximum to 417 

solar minimum. We note that this is somewhat greater than the IWC variation over the solar 418 

cycle inferred in the modeling study of Bardeen et al. [2010], who determined that at solar 419 

minimum the IWC is 1.44 times greater than at solar maximum. To conservatively represent the 420 

range of possible solutions we therefore apply a factor of 1.4 for our lower IWC limit from mid-421 

solar cycle to solar minimum and a factor of 2.1 for our upper IWC limit to solar minimum. We 422 

find that the scaled SNOE observations range from 74-223 µg/m2. This is the range overplotted 423 

in Figure 7 and is in agreement with the IWC calculation. The calculated difference between the 424 

IWC near 1000 LT where SNOE observes and near 2300 LT where SOFIE observes is a factor 425 

of 3.4. This underscores the importance of including tidally induced IWC variations when 426 

comparing datasets with each other and with model results. 427 

To our knowledge, Figure 7 shows results of the first PMC IWC calculation over the diurnal 428 

cycle and has important implications for reconciling two or more sets of PMC observations at 429 

discrete LT. In general the IWC has a maximum between 0700 and 0800 LT and a minimum 430 

between 1900 and 2200 LT with a variation exceeding a factor of five. Additional ground-based 431 
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or satellite observations of IWC over the diurnal cycle would greatly help us to constrain the 432 

variability indicated by the simulations. Analysis of the southern hemisphere as well as other 433 

seasons and latitudes would also help to determine how representative these results are. We now 434 

consider observations from the same June, 2007 time period at 57° N. 435 

 436 

3.2 Results for Sub-Polar Latitudes 437 

 438 

One additional dataset that can be used to validate the NOGAPS-ALPHA/CARMA 439 

simulations is from the SHIMMER instrument [Stevens et al., 2009]. SHIMMER retrievals do 440 

not include IWC vs. LT but SHIMMER nonetheless observed two pronounced occurrence 441 

frequency peaks near 0600 LT and 1800 LT during the NH summer 2007.  We show the 442 

calculated IWC at 57° N in Figure 8a, where we have initialized the model with the smoke 443 

distribution from Bardeen et al. [2010] at 58° N, included water vapor freeze-drying as in Figure 444 

7 and used the same ice particle lifetime as in Figure 6c.  445 

Figure 8a shows a strong IWC peak near 0500 LT in good agreement with the SHIMMER 446 

frequency peak near 0600 LT. Variations in the assumed ice particle lifetime change the absolute 447 

IWC of the 0500 LT peak, but the pronounced variation of the IWC calculated over the diurnal 448 

cycle does not change. Simulations that include LT variations at 57° N latitude and without 449 

meridional transport yield no clouds at all. We conclude that this early morning peak is therefore 450 

due to either southward meridional transport from higher latitudes where the air is colder (Figure 451 

2b) [e.g. Gerding et al., 2007] or transient colder periods near the temperature minimum not 452 

reflected in the monthly average. 453 
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The second SHIMMER peak near 1800 LT does not appear in the simulation of average June 454 

2007 conditions due to the higher temperatures and sub-saturated air during this time of day. 455 

However, average conditions may not be representative for the relatively low cloud frequencies 456 

observed by SHIMMER, which are less than 5% averaged over all LT for the northern 2007 457 

summer [Stevens et al., 2009]. We herein consider the possibility that the second peak in Figure 458 

8a may be the result of temperatures occasionally falling below the frost point, even though the 459 

monthly average would not reflect such cold temperatures. We represent this variability by the 460 

standard deviation of the NOGAPS-ALPHA temperatures at 83 km altitude for the month of 461 

June. Figure 8b shows the degree of supersaturation (S) at 83 km altitude as well as S after 462 

subtracting the standard deviation from NOGAPS-ALPHA temperatures during each indicated 463 

LT. The SHIMMER PMC observations were made between 50 and 58° N so we use 54° N as a 464 

representative latitude for our analysis of supersaturation. As one can see, when the temperature 465 

falls below the average consistent with the standard deviation of the variability the air can often 466 

be supersaturated with values locally peaking near three at 1800 LT. We note that there is 467 

equatorward flow until about 1500 LT (Figure 2b) with a meridional wind reversal near this time 468 

so that a peak in cloud frequency might also be expected near this time from equatorward 469 

transport. The NOGAPS-ALPHA analysis indicates therefore that conditions can often be 470 

favorable for the appearance of clouds at 1800 LT even though the monthly average result in 471 

Figure 8a does not show this.  472 

 473 

4. Discussion 474 

 475 
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Our study on tidally induced variations of PMC IWC for June, 2007 approaches the problem 476 

in three new ways. First, we have chosen to simulate the IWC rather than cloud brightness or 477 

frequency for four reasons: 1) IWC is a direct measure of how much ice is present, 2) it is a 478 

vertically integrated quantity and therefore does not require simulation of a narrow ice layer 479 

peak, 3) it is primarily sensitive to only temperature and water vapor [Rapp and Thomas, 2006], 480 

and 4) it is measured directly by SOFIE on the AIM satellite. Second, we have used 481 

meteorological analysis fields from a global numerical weather prediction system that has 482 

recently been extended to ~90 km altitude. This allows us to specify temperature, water vapor 483 

and winds over the diurnal cycle for a specific time period during which we have PMC data. 484 

Third, we drive the one-dimensional version of CARMA with time varying NOGAPS-ALPHA 485 

input to simulate PMC altitude variations and IWC over the diurnal cycle. Specification of 486 

assimilated ambient conditions with latitude and LT more realistically represents the ice 487 

particle’s history than either a free running climate model or a microphysical model with a 488 

constant temperature profile as is sometimes done. We assume that only cosmic smoke particles 489 

serve as nucleation sites for the clouds and that clouds formed in any other way contribute 490 

negligibly to the total IWC at any given LT. 491 

One limitation of this study is that it uses assimilated data from only the month of June, 492 

2007, which may not represent typical June conditions. To address this limitation, we have 493 

continued the NOGAPS-ALPHA assimilation configuration described in Eckermann et al. 494 

[2009] through the 2009 PMC season and assembled the temperatures for three consecutive 495 

Junes on a zonally averaged LT grid. Figure 9 shows the variation of temperature over the 496 

diurnal cycle at 83 km geometric altitude for June 2007, 2008 and 2009 at three different 497 

latitudes: 81° N (Figure 9a), 69° N (Figure 9b) and 57° N (Figure 9c). The consistency of the 498 
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assimilated temperatures from one year to the next is remarkable and on average the temperature 499 

is about 10 K lower at 81° N compared to 57° N.   500 

With respect to the temperatures over the diurnal cycle we draw several important 501 

conclusions from Figure 9:  1) The migrating diurnal tide dominates LT temperature variability 502 

throughout the Arctic mesosphere in June from 2007-2009, 2) The average amplitude of the tidal 503 

temperature oscillation is repeatable at any given latitude for this time period and the time of the 504 

maximum varies between 1400 and 2000 LT at all latitudes, 3) The amplitude becomes 505 

progressively larger at lower latitudes with an amplitude of ~2 K at 81° N to ~5 K at 57° N and 506 

4) the temperature variability at a given LT also becomes progressively larger at lower latitudes 507 

with a standard deviation of 3-6 K at 81° N and 5-8 K at 57° N.  We conclude from Figure 9 that 508 

the diurnal variation of temperatures for our June, 2007 simulation is representative for solar 509 

minimum conditions at all latitudes. Since we find that the diurnal variation of temperatures 510 

primarily controls the IWC variation, we also conclude that the calculated IWC over the diurnal 511 

cycle shown in Figure 7 is also representative of solar minimum conditions. 512 

Ultimately, our analysis suggests that our work may have the greatest utility in interpreting 513 

data from different satellites which are in sun-synchronous orbits fixed in LT. As we noted in the 514 

introduction, the SBUV series of instruments has viewed PMCs for over 30 years, which is the 515 

longest PMC time series available. These nadir-viewing observations are typically reported as 516 

albedo (unitless) but are actually directional albedo (sr-1) at 252 nm, with multi-decadal trends of 517 

less than 1%/year. Figure 10 shows the variation of directional albedo at 252 nm for each hour of 518 

LT using the same CARMA size distributions as the IWC calculations in Figure 6c. We calculate 519 

the albedo at a variety of relevant SBUV solar scattering angles (SSAs) from 90-150°. Away 520 

from the terminator (θ>90°), the average calculated albedo in Figure 10 is between 0.2 and 3 × 521 
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10-5 sr-1, consistent with the albedo typically reported for SBUV of about 1 × 10-5 sr-1 [e.g. 522 

DeLand et al., 2006].  523 

Figure 10 illustrates that the calculated albedo variation over the diurnal cycle is similar to 524 

the IWC variation, with a peak between 0600 and 0800 LT and a minimum between 1900 and 525 

2100 LT. The largest variations over the diurnal cycle reported heretofore are in cloud 526 

occurrence frequency, which are implicitly included in our averaged model results. Large 527 

variations in cloud frequency over the diurnal cycle with a prominent peak in the morning were 528 

reported in both ground-based and SBUV datasets [Fiedler et al., 2005; Shettle et al., 2009].  529 

It is well known that the mid-UV PMC albedo is a function of the SSA [van de Hulst, 1981] 530 

and we note the SBUV SSA is the supplement of the solar zenith angle. The curves show that the 531 

albedo is significantly larger at the terminator (θ = 90°) than for lower solar zenith angles at a 532 

given LT. This means that a comparison of SBUV albedo and/or frequency observations not only 533 

requires consideration of the LT but also the SSA, particularly when the observations are near 534 

local sunrise and sunset. Importantly, the calculated albedo (or IWC) maximizes in the morning 535 

which corresponds to the average LT of the SBUV observations between 1979-1990 after which 536 

the observations are more uniformly spread over the diurnal cycle [DeLand et al., 2007]. If the 537 

June, 2007 results in Figure 10 are representative of all northern PMC seasons within the multi-538 

decadal SBUV dataset, this implies that inferred long-term PMCs trends of albedo or IWC would 539 

increase following adjustment due to diurnal variations. 540 

 541 

5. Summary 542 

 543 
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In summary, we have produced the first quantitative simulation of IWC over the diurnal 544 

cycle at 57° and 69° N using assimilated satellite data from June, 2007. The simulation at 69° N 545 

is constrained by concurrent observations from SOFIE, which measures IWC directly near 23 546 

LT. The IWC has a diurnal variation that is controlled by the migrating diurnal temperature tide 547 

and the peak IWC is between 0500 and 0800 LT at both 57° N and 69° N.  548 

The relative variation in IWC over the diurnal cycle is larger at the equatorward fringe of the 549 

PMC region, significantly complicating the interpretation of multi-decadal trends reported at 550 

these latitudes [DeLand et al., 2007]. Even at 69° N, however, the IWC or mid-UV albedo varies 551 

by at least a factor of five, with a peak between 0700 and 0800 LT and a minimum between 1900 552 

and 2200 LT. Careful consideration of not only the LT but also the latitude for any given set of 553 

observations must therefore precede any IWC trend analysis. 554 

Our description of IWC over the diurnal cycle currently lacks experimental validation. 555 

Ground-based observations of the PMC frequency at 69° N show a factor of four variation with a 556 

peak near 1 LT [Fiedler et al., 2005].  Limited satellite observations of PMC frequency are 557 

consistent with a factor of three variation during the morning with a maximum near 2 LT [Shettle 558 

et al., 2009]. Modeling work by Jensen et al. [1989] showed that the PMC brightness varied by 559 

up to a factor of seven over the diurnal cycle depending on the amplitude of the temperature 560 

variations, with a maximum near 23 LT that follows a temperature minimum near 20 LT. 561 

Although none of these studies report the IWC variation over the diurnal cycle, taken together 562 

they illustrate that variations of related quantities can be between a factor of three and seven. Our 563 

derived variation of at least a factor of five in IWC at 69° N is therefore not unreasonable in the 564 

context of these previous studies. Our inferred maximum between 0700-0800 LT is, however, 565 

between five to nine hours later than these results would indicate.  Direct temperature 566 
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observations near 83 km altitude over the diurnal cycle in addition to any IWC observations 567 

would provide a useful comparison to the results presented here. 568 

 569 

Acknowledgements. This work was supported by the NASA/AIM mission and the Office of 570 

Naval Research. We thank Gary Thomas for useful comments on the manuscript and Charles 571 

Bardeen for providing the meteoric smoke concentrations used in this work. We are also grateful 572 

to Fabrizio Sassi for assistance with the NOGAPS-ALPHA analysis. 573 

574 



27 

References 575 

Bailey, S.M., A.W. Merkel, G.E. Thomas and J.N. Carstens (2005), Observations of polar 576 

mesosphere clouds by the Student Nitric Oxide Explorer, J. Geophys. Res., 110, D13203, 577 

doi:10.1029/2004JD005422. 578 

Bailey, S.M., A.W. Merkel, G.E. Thomas and D.W. Rusch (2007), Hemispheric differences in 579 

Polar Mesospheric Cloud morphology observed by the Student Nitric Oxide Explorer, J. 580 

Atm. Sol.-Terr. Phys., 69, 1407-1418. 581 

Bardeen, C.G., O.B. Toon, E.J. Jensen, D.R. Marsh and V.L. Harvey (2008), Numerical 582 

simulations of the three-dimensional distribution of meteoric dust in the mesosphere and 583 

upper stratosphere, J. Geophys. Res., 113, D17202, doi:10.1029/2007JD009515.  584 

Bardeen C.G., O.B. Toon, E.J. Jensen, M.E. Hervig, C.E. Randall, S. Benze, D.R. Marsh and 585 

A.W. Merkel (2010), Numerical simulations of the three-dimensional distribution of polar 586 

mesospheric clouds and comparisons with CIPS and SOFIE observations, J. Geophys. Res., 587 

in Press, doi: 10.1029/2009JD012451. 588 

Benze, S., C.E. Randall, M.T. DeLand, G.E. Thomas, D.W. Rusch, S.M. Bailey, J.M. Russell III, 589 

W. McClintock, A.W. Merkel and C. Jeppesen (2009), Comparison of polar mesospheric 590 

cloud measurements from the Cloud Imaging and Particle Size experiment and the Solar 591 

Backscatter Ultraviolet Instrument in 2007, J. Atm. Sol.-Terr. Phys., 71, 365-372. 592 

Berger, U. and F.-J. Lübken (2006), Weather in mesospheric ice layers, Geophys. Res. Lett., 33, 593 

L04806, doi:10.1029/2005GL024841. 594 

Berger, U. and U. von Zahn (2002), Ice particles in the summer mesopause region: Three-595 

dimensional modeling of their environment and two-dimensional modeling of their 596 

transport, J. Geophys. Res., 107, 1366, doi:10.1029/2001JA000316. 597 



28 

Berger, U. and U. von Zahn (2007), Three-dimensional modeling of the trajectories of visible 598 

noctilucent cloud particles: An indication of particle nucleation well below the mesopause, 599 

112, D16204, doi:10.1029/2006JD008106. 600 

Chu, X., C.S. Gardner and R.G. Roble (2003), Lidar studies of interannual, seasonal, and diurnal 601 

variations of polar mesospheric clouds at the South Pole, J. Geophys. Res., 108, 8447, 602 

doi:10.1029/2002JD002524. 603 

Chu, X., P.J. Espy, G.J. Nott, J.C. Diettrich and C.S. Gardner (2006), Polar mesospheric clouds 604 

observed by an iron Boltzmann lidar at Rothera (67.5ºS, 68.0ºW), Antarctica from 2002 605 

to 2005: Properties and implications, J. Geophys. Res., 111, D20213, 606 

doi:1029/2006JD007086. 607 

DeLand, M.T., E.P. Shettle, Gary E. Thomas and John J. Olivero, Solar backscattered ultraviolet 608 

(SBUV) observations of polar mesosphereic clouds (PMCs) over two solar cycles (2003), 609 

J. Geophys. Res., 108, 8445, doi:10.1029/2002JD002398. 610 

DeLand, M.T., E.P. Shettle, G.E. Thomas and J.J. Olivero (2006), A quarter-century of satellite 611 

polar mesospheric cloud observations, J. Atm. Sol.-Terr. Phys., 68, 9-29. 612 

DeLand, M.T., E.P. Shettle, G.E. Thomas and J.J. Olivero (2007), Latitude-dependent long-term 613 

variations in polar mesospheric clouds from SBUV version 3 PMC data, J. Geophys. Res., 614 

112, D10315, doi:10.1029/2006JD007857. 615 

Eckermann, S. D., K. W. Hoppel, L. Coy, J. P. McCormack, D. E. Siskind, K. Nielsen, A. 616 

Kochenash, M. H. Stevens, C. R. Englert, and M. Hervig (2009), High-altitude data 617 

assimilation system experiments for the northern summer mesosphere season of 2007, J. 618 

Atmos. Sol.-Terr. Phys., 71, 531-551. 619 



29 

Englert, C.R., M.H. Stevens, D.E. Siskind, J.M. Harlander, F.L. Roesler, H.M. Pickett, C. von 620 

Savigny and A.J. Kochenash (2008), First results from the Spatial Heterodyne Imager for 621 

Mesospheric Radicals (SHIMMER) : Diurnal variation of mesospheric hydroxyl, 622 

Geophys. Res. Lett., 35, L19813, doi:10.1029/2008GL035420. 623 

Fiedler, J., G. Baumgarten and G. von Cossart (2005), Mean diurnal variations of noctilucent 624 

clouds during 7 years of lidar observations at ALOMAR, Annales Geophysicae, 23, 1175-625 

1181. 626 

Gerding, M., J. Höffner, M. Rauthe, W. Singer, M. Zecha and F.-J. Lübken (2007), Simultaneous 627 

observation of noctilucent clouds, mesospheric summer echoes and temperature at a 628 

midlatitude station (54° N), J. Geophys. Res., 112, D12111, doi:10.1029/2006JD008135. 629 

Gordley, L.L. et al. (2009), The Solar Occultation For Ice Experiment (SOFIE), J. Atm. Sol.-630 

Terr. Phys., 71, 300-315. 631 

Herbort, F., G. Baumgarten, U. Berger, J. Fiedler, P. Hoffmann and F.J. Lübken (2007), Tidal 632 

structures within the LIMA model, Adv. Space Res., 40, 802-808. 633 

Hervig, M.E., L.L. Gordley, J.M. Russell III and S.M. Bailey (2009a), SOFIE PMC observations 634 

during the northern summer of 2007, J. Atm. Sol.-Terr. Phys., 71, 331-339. 635 

Hervig, M.E., M.H. Stevens, L.L. Gordley, L.E. Deaver, J.M. Russell III and S.M. Bailey 636 

(2009b), Relationships between PMCs, temperature and water vapor from SOFIE 637 

observations, J. Geophys. Res., 114, D2023, doi:10.1029/2009JD012302. 638 

Hervig, M.E., L.L. Gordley, L.E. Deaver, D.E. Siskind, M.H. Stevens, J.M. Russell III, S.M. 639 

Bailey, L. Megner and C.G. Bardeen (2009c), First satellite observations of meteoric 640 

smoke in the upper atmosphere, Geophys. Res. Lett, 36, L18805, 641 

doi:10.1029/2009GL039737. 642 



30 

Hoffmann, P., M. Rapp, J. Fiedler and R. Latteck (2008), Influence of tides and gravity waves on 643 

layering processes in the polar summer mesopause region, Ann. Geophys., 26, 4013-644 

4022. 645 

Hogan, T.F. and T.E. Rosmond (1991), The description of the Navy Opertational Global 646 

Atmospheric Predication System’s spectral forecast model, Monthly Weather Rev., 119, 647 

1786-1815. 648 

Hoppel, K. W., N. L. Baker, L. Coy, S. D. Eckermann, J. P. McCormack, G. E. Nedoluha, and 649 

D. E. Siskind (2008), Assimilation of stratospheric and mesospheric temperatures from 650 

MLS and SABER into a global NWP model, Atmos. Chem. Phys., 8, 6103-6116. 651 

Jensen, E., G.E. Thomas and O.B. Toon, On the diurnal variation of noctilucent clouds, J. 652 

Geophys. Res., 94, 14693-14702. 653 

Kirkwood, S., P. Dalin and A. Rechon (2008), Noctilucent clouds observed from the UK and 654 

Denmark – trends and variations over 43 years, Ann. Geophys., 26, 1243-1254. 655 

Klostermeyer, J. (1998), A simple model of the ice particle size distribution in noctilucent 656 

clouds, J. Geophys. Res., 103, 28743-28752, 1998. 657 

Kwon, K.H., C.S. Gardner, D.C. Senft, F.L. Roesler and J. Harlander (1987), Daytime lidar 658 

measurements of tidal winds in the mesospheric sodium layer at Urbana, Illinois, J. 659 

Geophys. Res., 92, 8781-8786. 660 

Lambert, A. et al., Validation of the Aura Microwave Limb Sounder middle atmosphere water 661 

vapor and nitrous oxide measurements (2007), J. Geophys. Res., 112, D24S36, 662 

doi:10.1029/2007JD008724. 663 

Lübken, F.-J. (1999), Thermal structure of the Arctic summer mesosphere, J. Geophys. Res., 664 

104, 9135-9149. 665 



31 

Lübken, F.-J. and U. Berger (2007), Interhemispheric comparison of mesospheric ice layers from 666 

the LIMA model, J. Atm. Sol.-Terr. Phys., 69, 2292-2308. 667 

Lubken, F.-J., G. Baumgarten, J. Fiedler, M. Gerding, J. Hoffner and U. Berger (2008), Seasonal 668 

and latitudinal variation of noctilucent cloud altitudes, Geophys. Res. Lett., 35, L06801, 669 

doi:10.1029/2007GL032281. 670 

Lübken, F.-J., U. Berger and G. Baumgarten (2009), Stratospheric and solar cycle effects on long 671 

term variability of mesospheric ice clouds, J. Geophys. Res., 114, D00106, 672 

doi:10.1029/2009JD012377. 673 

Marti, J. and K. Mauersberger (1993), A survey and new measurements of ice vapor pressure at 674 

temperatures between 170 and 250 K, Geophys. Res. Lett., 20, 363-366. 675 

McClandress, C. (2002), The seasonal variation of the propagating diurnal tide in the mesosphere 676 

and lower thermosphere. Part I: The role of gravity waves and planetary waves, J. Atm. 677 

Sci.., 59, 893-906. 678 

Megner, L., J. Gumbel, M. Rapp and D.E. Siskind (2008), Reduced meteoric smoke particle 679 

density at the summer pole – Implications for mesospheric ice particle nucleation, Adv. 680 

Space Res., 41, 41-49. 681 

Murray, B.J. and E.J. Jensen (2010), Homogeneous nucleation of amorphous solid water 682 

particles in the upper mesosphere, J. Atm. Sol.-Terr. Phys., 72, 51-61. 683 

Rapp, M. and G.E. Thomas, Modeling the microphysics of mesospheric ice particles: 684 

Assessment of current capabilities and basic sensitivities (2006), J. Atm. and Sol.–Terr. 685 

Phys., 68, 715–744. 686 



32 

Remsberg, E.E. et al., Assessment of the quality of the Version 1.07 temperature-versus-pressure 687 

profiles of the middle atmosphere from TIMED/SABER (2008), J. Geophys. Res., 113, 688 

D17101, doi:10.1029/2008JD010013. 689 

Rusch, D.W., G.E. Thomas, W. McClintock, A.W. Merkel, S.M. Bailey, J.M. Russell III, C.E. 690 

Randall, C. Jeppesen and M. Callan, The cloud imaging and particle size experiment on 691 

the aeronomy of ice in the mesosphere mission : Cloud morphology for the northern 2007 692 

season (2009), J. Atm. Sol.-Terr. Phys., 71, 356-364. 693 

Russell, J.M. III et al., The Aeronomy of Ice in the Mesosphere (AIM) mission: Overview and 694 

early science results (2009), J. Atm. Sol.-Terr. Phys., 71, 289-299. 695 

Schwartz, M.J. et al., Validation of the Aura Microwave Limb Sounder temperature and 696 

geopotential height measurements (2008), J. Geophys. Res., 113, D15S11, 697 

doi:10.1029/2007JD008783. 698 

Shettle, E.P., M.T. DeLand, G.E. Thomas and J.J. Olivero (2009), Long term variations in the 699 

frequency of polar mesospheric clouds in the Northern Hemisphere from SBUV, 700 

Geophys. Res. Lett., 36, L02803, doi:10.1029/2008GL036048. 701 

Singer, W., Bremer, J., Hocking, W. K., Weiss, J., Latteck, R., Zecha, M., Temperature and wind 702 

tides around the summer mesopause at middle and Arctic latitudes (2003), Adv. Space 703 

Res., 31, 2055–2060. 704 

Siskind, D.E., M.H. Stevens and C.R. Englert (2005), A model study of global variability in 705 

mesospheric cloudiness, J. Atm. Sol.-Terr. Phys., 67, 501-513. 706 

Stevens, M.H, C.R. Englert, M.T. DeLand and M. Hervig (2005), The polar mesospheric cloud 707 

mass in the Arctic summer, J. Geophys. Res., 110, A02306, doi:10.1029/2004JA010566. 708 



33 

Stevens, M.H., C.R. Englert, M.T. DeLand and Scott M. Bailey (2007), Polar mesospheric cloud 709 

mass and the ice budget: 2. Application to satellite data sets, J. Geophys. Res., 112, 710 

D08205, doi:10.1029/2006JD007532. 711 

Stevens, M.H., C.R. Englert, M. Hervig, S.V. Petelina, W. Singer and K. Nielsen (2009), The 712 

diurnal variation of polar mesospheric cloud frequency near 55° N observed by 713 

SHIMMER, J. Atm. Sol.-Terr. Phys., 71, 401-407. 714 

Thomas, G.E. and C.P. McKay (1985), On the mean particle size and water content of polar 715 

mesospheric clouds, Planet. Space Sci., 33, 1209-1224. 716 

Thomas, G.E., J.J. Olivero, E.J. Jensen, W. Schroeder and O.B. Toon (1989), Relation between 717 

increasing methane and the presence of ice clouds at the mesopause, Nature, 338, 490-718 

492. 719 

Thomas, G.E. (1996), Is the polar mesosphere the miner’s canary of global change? Adv. Space 720 

Res., 18, 149-158. 721 

Thomas, G.E., J.J. Olivero, M.T. DeLand and E.P. Shettle (2003), Comment on “Are Noctilucent 722 

Clouds Truly a “Miner’s Canary” for Global Change”, EOS, 84, 351. 723 

van de Hulst, H.C. (1981), Light Scattering by Small Particles, Dover Publications, Inc., New 724 

York. 725 

von Zahn, U., G. von Cossart, J. Fiedler and D. Rees (1998), Tidal variations of noctilucent 726 

clouds measured at 69º N latitude by groundbased lidar, Geophys. Res. Lett., 25, 1289-727 

1292. 728 

von Zahn, U. and U. Berger (2003), Persistent ice cloud in the midsummer upper mesosphere at 729 

high latitudes: Three-dimensional modeling and cloud interactions with ambient water 730 

vapor, J. Geophys. Res., 108, 8451, doi:10.1029/2002JD002409. 731 



34 

von Zahn, U. and J. Bremer (1999), Simultaneous and common-volume observations of 732 

noctilucent clouds and polar mesosphere summer echoes, Geophys. Res. Lett., 26, 1521-733 

1524. 734 

Zasetsky, A.Y., S.V. Petelina, R. Remerov, C.D. Boone, P.F. Bernath and E.J. Llewelyn (2009), 735 

Ice particle growth in the polar summer mesosphere: Formation time and equilibrium 736 

size, Geophys. Res. Lett., 36, L15803, doi:10.1029/2009GL038727. 737 

  738 



35 

   739 
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 741 
 742 
Figure 1. NOGAPS-ALPHA analyses at 83 km geometric altitude and for June, 2007. The 743 

results for temperature (Figure 1a), water vapor (Figure 1b) and degree of supersaturation (S) 744 

(Figure 1c) are averaged in LT from 50-85° N. Latitudes poleward of 85° N are omitted due to 745 

the lack of satellite data. Local midnight is at the bottom of each plot and noon is at the top so 746 

that LT progresses counterclockwise around each image. Note that PMCs can exist where S>1. 747 
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 751 
Figure 2. NOGAPS-ALPHA analysis results for zonal winds (2a), meridional winds (2b) and 752 

derived vertical winds (2c) averaged in LT over June, 2007 at 83 km geometric altitude. Positive 753 

zonal winds are eastward, positive meridional winds are northward and positive vertical winds 754 

are upward. The zero wind contours are overplotted in Figures 2b and 2c. Latitudes poleward of 755 

85° N are omitted due to lack of data. 756 
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 758 
 759 

Figure 3a.   Mean variation with local time and latitude of temperature at 83 km geometric 760 

altitude due to (a) the migrating diurnal tide and (b) the migrating semidiurnal tide. Results are 761 

monthly means for June 2007. See text for details. 762 

  763 



38 

  764 
 765 

Figure 4a. Time-height cross section of vertical winds (contour labels in cm/s) in the upper 766 

mesosphere from the NOGAPS-ALPHA analysis averaged over June, 2007 at 69° N. The winds 767 

are directed both upward and downward with the strongest upwelling near 0300 and 1500 LT, as 768 

indicated in Figure 2c. Calculated PMC altitudes are shown, indicating the strong correlation 769 

with vertical winds. Figure 4b. Same but for temperature (contour labels in K). 770 
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 773 
 774 
Figure 5.  A comparison of meridional (top) and zonal (bottom) winds from the NOGAPS-775 

ALPHA analysis and the NOGAPS-ALPHA forecast with ground based meteor wind 776 

observations during the same June, 2007 time period at the geometric altitude of 85 km  777 

778 
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  779 

  780 

Figure 6a. The calculated time variation of IWC.  NOGAPS-ALPHA temperature, water vapor 781 

and vertical wind profiles are used for 69° N and 2300 LT.  The temperature and vertical wind 782 

profiles are fixed. Figure 6b. Two simulations showing the variation of IWC with latitude and 783 

LT for an ice particle advected through ambient temperatures and vertical winds to 69° N. The 784 

dashed line shows a 24 hour simulation where the temperature profiles from NOGAPS-ALPHA 785 

are used throughout (“Cold Start”). The solid line introduces a temperature bias that is gradually 786 

removed (see text), thereby reducing the ice particle growth and the IWC (“Short Lifetime”). The 787 

dotted portion of the Short Lifetime case indicates the time period during which the ambient 788 

conditions have not yet been reached. Figure 6c. Similar to the Short Lifetime case of Figure 6b 789 

except three other LTs are added for comparison. The indicated LTs correspond to the last 790 

timestep of each simulation. Figure 6d. The IWC variation at 2300 LT and 0700 LT using two 791 

different cooling rates from an initial temperature bias: -0.5 K/hr (22.8 K bias) and -1.0 K/hr 792 

(44.4 K bias). The temperature biases are selected so that the SOFIE data at 2300 LT is fit. 793 

794 
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 795 
 796 
Figure 7.  The calculated IWC over the diurnal cycle at 69° N for June, 2007. Three different 797 

solutions are presented representing three assumed parcel cooling rates: Slow (0.50 K/hr), 798 

Medium (0.68 K/hr) and Fast (1.00 K/hr), where the shading represents the range within these 799 

solutions (see text). AIM/CIPS (blue) and AIM/SOFIE (red) data from the same time period are 800 

overplotted. The CIPS observations are averaged over a 3° latitude band around 69° N and have 801 

been scaled up to be consistent with simultaneous SOFIE observations in separate common 802 

volume observations. Also shown are observations from SNOE, which were collected between 803 

0900-1100 LT and have been scaled upwards for representative solar minimum conditions. 804 
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    806 
 807 
Figure 8a. The calculated IWC at 57° N for June, 2007 (black). Also shown for comparison is 808 

the observed relative PMC frequency during NH 2007 from SHIMMER [Stevens et al., 2009]. 809 

The shaded region indicates where there is not enough sunlight for SHIMMER to reliably infer 810 

the frequency. 811 

Figure 8b. Calculated degree of supersaturation (S) over the diurnal cycle at 54° N and 83 km 812 

geometric altitude (black). Ice particles can exist where S>1. The blue curve indicates the degree 813 

of supersaturation after subtraction of the standard deviation of the temperature. The SHIMMER 814 

relative frequencies from Figure 8a are again overplotted in red and referenced to the right hand 815 

axis. 816 

817 
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 819 

 820 

Figure 9a.  The variation of temperature over the diurnal cycle for June 2007-2009 at 83 km 821 

geometric altitude and 81° N. The vertical bars represent the standard deviation of the 822 

assimilated temperatures within the monthly averages. Figure 9b. Same as Figure 9a except for 823 

69° N. Figure 9c. Same as Figure 9a except for 57° N. 824 
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 827 
 828 

Figure 10. Calculated PMC directional albedos for observations at 252 nm at a variety of SSAs 829 

(θ) relevant to the SBUV dataset. The calculations assume spherical particles and use the same 830 

particle size distributions as the IWC calculations in Figure 6c.  For the nadir-viewing geometry 831 

of SBUV, the solar zenith angle is equal to 180°-θ so that θ=90° is representative of observations 832 

at the Earth’s terminator. 833 
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