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ABSTRACT

From 8-16 August, 1997 the Middle Atmosphere High Resolution Spectrograph Investigation (MAHRSI) flew on the CRISTA-SPAS (Cryogenic Infrared and Telescopes for the Atmosphere - Shuttle Pallet Satellite), deployed and retrieved by the space shuttle.  MAHRSI measured solar resonance fluorescence of the OH(0,0) band near 309 nm by scanning the limb between 93-40 km at latitudes up to 71 N at a spectral resolution of ~0.02 nm.   OH radiances are separated from the bright and spectrally complex Rayleigh background, inverted to OH number density profiles, and then converted to water vapor mixing ratios using a one-dimensional model that assumes OH is in photochemical equilibrium with water vapor.  Some Arctic scans near 82 km show additional backscattered light, which we infer to originate from polar mesospheric clouds (PMCs).  The CRISTA instrument was bore-sighted with MAHRSI and simultaneously measured vertical profiles of temperature.   We present the first bore-sighted observations of OH, PMCs and temperature.   Results reveal a layer of water vapor in the Arctic summer mesosphere at PMC altitudes with peak mixing ratios in excess of 10 ppmv.  Results also reveal that clouds can form on average between 81-84 km, which is at lower altitudes than previously believed in mid-August.

INTRODUCTION

Polar mesospheric clouds (PMCs) form in the summer polar mesosphere at altitudes between 80-90 km, where temperatures can drop below the frost point of water.  Observations over the past 30 years have shown that occurrences of these high-altitude clouds, known to ground-based observers as noctilucent clouds (NLCs), have steadily increased1.  This result is significant because PMCs are sensitive indicators to small changes in the atmosphere2.

PMCs are transient phenomena, with lifetimes on the order of hours to days, so that synoptic observations of the environment in which they exist are crucial to understanding the physical processes by which they form.  Although PMCs have been observed from a variety of satellites, none of the measurements simultaneously infer the variation of water vapor and temperature in the region at and immediately around a cloud.  Although ground-based NLC observations provide valuable information on their seasonal and diurnal variation, they cannot provide the vertical resolution of water vapor or the global coverage afforded by a space-borne platform.

In August 1997, at the end of the PMC season, MAHRSI and CRISTA flew on CRISTA-SPAS for eight days of observations.  Both MAHRSI and CRISTA scanned the limb in 2 km increments, which allowed for retrievals of temperatures and trace species at high vertical resolution.  MAHRSI observed hydroxyl (OH) in the mesosphere at Arctic latitudes while simultaneously inferring the distribution of PMCs.  For most of the MAHRSI OH observations, CRISTA simultaneously obtained mesospheric temperature profiles.

Here we present the first bore-sighted observations of PMCs, OH, and temperature.  From the MAHRSI OH observations we infer the vertical distribution of water vapor and with temperature we vertically constrain the region of water supersaturation in the Arctic summer mesosphere.  In addition, we quantify for the first time the relationship between PMC brightness and water vapor by using the simultaneous OH and PMC observations of MAHRSI.

THE EXPERIMENT

For the second CRISTA/MAHRSI mission, CRISTA-SPAS was deployed by the space shuttle (STS-85) into a 300 km circular orbit with an inclination of 57( (Figure 1).  The spacecraft maintained a fixed local vertical attitude relative to the Earth's limb that resulted in a tangent height accuracy better than 300 m throughout the orbit3.  Furthermore at the highest northern latitudes the lines of sight were pointed north which allowed for observations of PMCs by MAHRSI between 62( and 71( N and between 0820 and 1420 local time (LT).  MAHRSI limb scans were executed as a step-stare sequence with each 2.0 km step at the tangent point followed by 4.4 sec of integration.  These operations allowed for the retrieval of OH densities with high vertical resolution in the PMC region.  CRISTA used three telescopes scanning simultaneously where the center telescope was bore-sighted with MAHRSI.  Vertical structures in each CRISTA temperature profile can be resolved to 2.2 km and in each MAHRSI OH (H2O) profile to 4.7 km at 82 km.  Further details of the experiments may be found in Offermann et al.3 and Conway et al.4.

Figure 1.  A view of CRISTA-SPAS 2 from the space shuttle during STS-85.

RESULTS

The OH Measurement

MAHRSI observed OH by measuring the solar resonance fluorescence of the A 2(+ ‑ X 2( (0,0) band near 309 nm with a spectral resolution of ~0.02 nm.  MAHRSI scanned the limb between tangent altitudes 93-40 km on the sunlit portion of each orbit.  Retrieval of the OH rotational emission envelope requires subtraction of the bright and spectrally complex Rayleigh background.  This background shape is determined by convolving a high-resolution ground-based solar spectrum with the MAHRSI spectral resolution functions.  The resultant shape is scaled to each limb spectrum and subtracted to retrieve the OH radiances, which are inverted to infer vertical profiles of OH densities4,5.  
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In the Arctic region and near 82 km, MAHRSI occasionally measured additional background emission due to sunlight scattered by PMC particles along the line of sight.  MAHRSI limb spectra with and without a PMC are shown in the top panel of Figure 2 and the OH emission spectrum retrieved from the limb spectrum is shown in the bottom panel.  The smooth solid curve overplotted on the data in the bottom panel is the theoretical prediction of the OH spectrum and demonstrates that OH and PMCs can be measured simultaneously.

The Calculation of Water Vapor from OH

Figure 3 summarizes the methodology employed to infer the vertical distribution of water vapor from the MAHRSI OH observations.  The OH radiances are inferred at each altitude of the limb scan and inverted to local number densities using the technique described in Conway et al.4.  The results for a typical OH/PMC profile are shown in Figure 3a with the PMC brightness profile overplotted.  The PMC scattering ratio (SR) is calculated by taking the ratio of the limb scan to an average of clear air scans.

The photochemical model of OH shown in Figure 3a incorporates revised kinetic rate coefficients from those recommended by DeMore et al.6.  Using MAHRSI 1 results (STS-66 in November, 1994), Summers et al.7 showed that standard HOx chemistry substantially over predicts mesospheric
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Figure 2.  The retrieval of an OH(0,0) spectrum from a MAHRSI limb observation.  Top panel: The upper curve is a limb observation plotted as a histogram  with a PMC along the line of sight where the estimate of the scattered solar background (Rayleigh + Mie scattering by ice particles) is overplotted as a smooth curve.  Bottom panel:  The retrieved OH spectrum calculated from subtracting the smooth curve from the data in the upper spectrum of the top panel.

OH densities by 30-40% in the below 80 km and we find the same result here.  The model in Figure 2a uses a reaction rate coefficient for O + HO2 ( OH + O2 that is reduced by 50% from the standard recommendation (~2-3().  As we’ve found in our earlier studies this rate change leads to significantly better overall agreement between observed and modeled OH.

  As seen in Figure 3, however, the observed OH in the upper mesosphere is larger than that expected for an assumed water vapor profile that decreases monotonically above 70 km altitude.  The difference between observed and modeled OH is shown in Figure 3b where the difference is normalized to the model profile in Figure 3a.  This altitude dependent difference is directly related to the difference between actual and assumed model water vapor8. 

In Figure 3c we show the inferred water vapor obtained from the photochemical model using a single MAHRSI OH profile and the propagated measurement error.  The peak in water vapor near 82 km is a persistent feature of this procedure and exists in the Arctic limb scans whether or not a PMC is detected by MAHRSI along the line of sight.
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Figure 3a.  Results from the inversion of OH radiances to local number densities for a typical scan in the Arctic summer mesosphere where the propagated 1( uncertainty is shown.  Overplotted and referenced to the top axis is the simultaneously measured PMC scattering ratio.  Figure 3b shows the relative difference between model and data and Figure 3c shows the inferred distribution of water vapor from the MAHRSI OH profile in Figure 3a.

PMC Observations During CRISTA/MARHSI 2

Figure 4 shows the distribution of PMCs inferred by MAHRSI from 29 orbits of OH observations between August 12-15.  Each square represents a different scan and a cross within indicates that the scan includes unambiguous solar scattering by PMCs.  The size of each square represents the approximate horizontal resolution at the tangent altitude for a vertical step size of 2 km.

The clear air brightness and its standard deviation are derived using a group of 26 scans between longitudes 280-340( where only Rayleigh scattering is evident in the limb spectra.  A PMC detection limit is herein defined as a background brightness that is in excess of 3σ above the clear air average, which is a scattering ratio (SR) of 1.2 at 82.0 km.  Although PMCs are apparently preferentially located between longitudes 170-280º in Figure 4, note that the map is a compilation of 3 days of observations so that spatial and temporal variations are confounded.

The high spectral resolution of MAHRSI allows for the separation of the scattering by ice crystals (Mie scattering) from the OH rotational emission envelope as shown in Figures 2 and 3a.  We next apply the technique shown in Figure 3 to a collection of PMC scans in Figure 4 and quantify the relationship between PMC brightness and water vapor.  Current models of PMC nucleation and growth show nucleation near the mesopause followed by growth and/or sedimentation, and finally sublimation near 82 km9,10.  In Figure 5, we show the water vapor/PMC brightness relationship for peak scattering at 82 km to limit the analysis to mature ice particles.  A positive correlation of water vapor to PMC brightness is suggested by the results in Figure 5.

Figure 4.  The distribution of PMCs inferred from MAHRSI observations between August 12-15, 1997 where 0º longitude is at the bottom of the plot.  Each square represents the location of one limb scan and a cross indicates a PMC observation.  All PMCs were detected poleward of 62º N and the viewing was limited to latitudes below 72º N.

CRISTA Temperatures
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CRISTA temperatures are derived from CO2 15 µm (2 band intensities using a non-local thermodynamic equilibrium (NLTE) model and radiative transfer code11.  Besides the quantitative knowledge of the specific kinetic processes relevant to the excitation and quenching of the CO2 molecules 12,13, several atmospheric parameters are required for the time and location of the sounding.  Of major importance besides CO2 itself are the concentrations of atomic oxygen because of its very high quenching cross-section for the ν2 band levels of CO214.  CO2 densities are derived from the measured 4.3 µm band intensities, as pumping by solar photons is the only excitation process of importance in the upper mesosphere during daytime.  The atomic oxygen concentrations are determined indirectly from the NLTE retrieval of ozone assuming photochemical equilibrium between ozone and atomic oxygen15.  The background atmosphere is built up using the retrieved temperatures and assuming hydrostatic equilibrium.  A significant source of uncertainty in the temperatures is the rate constant for the collisional quenching of CO2 by atomic oxygen.  We use a rate constant of k0= 3 ( 10-12 (300/T)½ [cm3s-1] as recommended by López-Puertas et al.16 and assume an uncertainty of a factor of two.  Other errors are due to the CO2 mixing ratios, atomic oxygen densities, instrument calibration and noise.
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Figure 5.  The relationship between PMC brightness and water vapor inferred from the MAHRSI OH observations.

Shown in Figure 6 is a high-latitude average of 9 CRISTA temperature profiles from one orbit with the error envelope included (average latitude: 68 N).  Also shown for comparison is the mid-August temperature profile from a climatology of falling sphere temperature measurements near 69 N17.  The most important differences between these two profiles are near 82 km where the CRISTA temperature is 6.5 K lower and near 90 km where the CRISTA temperature is over 20 K higher.

The different temperature profiles in Figure 5 yield important differences in the permitted region of PMC formation.  Since PMCs can only form where water vapor is supersaturated, we calculate the degree of saturation, S, where S=pH2O/psat 

psat = exp[28.868 – 6132.935/T]

which is taken from Marti and Mauersperger18 and  pH2O is the water vapor partial pressure.  The water vapor mixing ratio profile used in the saturation profiles overplotted on Figure 6 is from Summers et al.8 and inferred from an average of 53 high-latitude MAHRSI OH scans.  The region of supersaturation (S>1) is indicated as the shaded area on the saturation profiles in Figure 6. 
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Figure 6.  A comparison of mid-August temperature profiles from the Arctic summer mesosphere using two distinct techniques.  The degree of saturation as a function of altitude is also shown using an average MAHRSI water vapor mixing ratio profile8.  The region of water vapor supersaturation is the shaded  region on the saturation profiles.

DISCUSSION

The Water Vapor Layer near 82 km

The discovery of the water vapor layer in Figure 3c was reported by Summers et al.8, who showed that this layer was observed in the Arctic summer mesosphere by both MAHRSI OH measurements and the Halogen Occultation Experiment (HALOE) water vapor measurements from the Upper Atmospheric Research Satellite (UARS).  Because this layer exists in precisely the same altitude region as PMCs are observed, they argued that this narrow portion of the atmosphere near 82 km efficiently sequesters water as both vapor and ice particles and dehydrates the air above the layer.  The peaked vertical distribution of water vapor in Figure 3c is critical in both establishing the vertical region of supersaturation (Figure 6) and in establishing the bounds of the reservoir from which the evolving PMC particles can draw.

Cloud Evolution and Sublimation

The simplest models of PMC formation yield nucleation near the mesopause followed by growth and sedimentation of the nucleated particle to the unsaturated region near 82 km9.  This process of nucleation, growth, sedimentation, and sublimation takes on the order of a day19.  The relative roles of each of these processes, however, is currently a point of contention10.  Figure 6 shows that the region where S>1 for the CRISTA/MAHRSI temperature/water vapor profiles is on average between 81-84 km whereas the falling sphere climatology with the MAHRSI water vapor yields supersaturation higher in the atmosphere between 84-86 km (Figure 6).  Individual CRISTA/MAHRSI profiles yield supersaturation conditions between 80-86 km20.  Note that if a model water vapor profile is used for the falling sphere profile with a larger mixing ratio of 1.6 ppmv at 90 km17, then the supersaturated region extends up to 89 km.  Such altitude differences in water supersaturation inferred from the two temperature profiles have important implications to the amount of time available for growth of a nucleated particle as it falls through the atmosphere.

Growth and sedimentation times are also closely related to the results in Figure 5.  The current understanding of PMC evolution indicates that at 82 km as the cloud sublimates, the particles become smaller (dimmer) and the water vapor concentration increases19.  Therefore an anticorrelation might be expected between the water vapor mixing ratio and peak scattering ratio in Figure 5.  The figure, however, suggests the opposite.  Local particle growth is faster than sedimentation for mixing ratios in excess of 6 PPM10, however, which is consistent with the MAHRSI water vapor results in Figure 3c.  Work is underway to model the MAHRSI OH (water vapor) and PMC observations with a particle evolution algorithm, which includes the influences of vertically propagating gravity waves21.

CRISTA Temperature Validation

As discussed above, Figure 6 shows that the CRISTA/MAHRSI results yield important differences with previous work so that validation of the new CRISTA results is critical.  Note that the falling sphere profile is based on measurements at both a different longitude and also that the CRISTA profile is inferred near 11 AM whereas the falling sphere climatology is based on observations near 9 PM local time.  Although models show that tidal effects are believed to be less than 5 K in this region of the atmosphere17, tides could account for some of the difference, particularly if they are stronger than models predict. In addition, this region of the atmosphere undergoes a period of transition in mid-August where the mesopause changes altitude from 86 ( 3 km in the summer to 100 ( 3 km in the winter22.   This rapid changeover makes comparisons with other methods necessarily more ambiguous.  The CRISTA temperature retrieval is complex so that an independent validation of the temperatures using a separate algorithm is underway with results pending.

SUMMARY

These first bore-sighted observations of PMCs, OH and temperature by MAHRSI and CRISTA have shed light on fundamental problems of cloud nucleation, growth, and decay.  The most significant findings in this early stage of data anaylsis and modeling are the following:

1)
Results from the 2nd MAHRSI mission are consistent with results from the 1st mission, which show that standard HOx chemistry substantially over predicts mesospheric OH below 80 km8,23.

2) A layer of water vapor exists in the Arctic summer mesosphere at PMC altitudes (~82 km) indicating that this region of the atmosphere concentrates both water vapor and water ice.

3) The region of water vapor supersaturation, which describes the region of cloud nucleation in the Arctic summer mesosphere, can exist at lower altitudes (81-84 km) than previously believed.

4) There is a positive relationship between PMC brightness and water vapor mixing ratio at the peak brightness of the clouds near 82 km.

The second conclusion has already been validated with HALOE data.  The third conclusion relies heavily on CRISTA temperatures, which are inconsistent with the best available temperature climatology from falling spheres.  CRISTA temperatures will be validated independently with a separate non-LTE algorithm.  Work is underway to model the fourth result with a particle evolution model.   As additional results become available, we expect that the CRISTA/MAHRSI 2 mission will yield far more insight into the Arctic summer mesosphere.
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