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 PRELIMINARY PROPOSAL

Airborne Tropical  Science and Aura Validation Experiment (ATSAVE)

Introduction 


Brewer [1949] explained the observed aridity of the stratosphere by arguing that nearly all air parcels entering the stratosphere must cross the tropopause in the tropics where they are freeze dried to the saturation mixing ratio characteristic of the cold tropical tropopause.  Although Brewer’s qualitative model is now generally accepted, many questions remain concerning the physical processes (dynamics, cloud microphysics, radiation) and the temporal and spatial scales involved in the cross-tropopause air transfer in the tropics.

In the past it has been variously argued that disturbances on a wide variety of scales including cumulus clouds, mesoscale storm circulations, continental scale monsoon circulations, and zonal mean circulations were responsible for the bulk of the cross tropopause mass flux.  Tuck and Hovde [2000] recently suggested that the vertical velocity near the tropical tropopause is scale invariant, implying that all scales may play significant roles in the flux of mass into the stratosphere. 

Whatever the dominant spatial scales of the vertical motion, efficient dehydration requires that an air parcel  remain at near tropical tropopause temperature for sufficiently long so that ice crystals formed by the freeze drying process can sediment out, otherwise the ice contained in the parcel would evaporate as the parcel warmed, and no net dehydration would occur.  Thus, for example, if convective overshooting followed by detrainment and subsequent mixing of cloud air with stratospheric air were to dominate cross-tropopause transfer, ice crystals contained within the mixed parcels (which would have potential temperature higher than that of the cloud air) would tend to evaporate, thus raising the water vapor mixing ratio above the saturation value at tropopause temperatures.   

The requirement for ice particle sedimentation suggests that large-scale slow steady ascent (as distinct from rapid convective overshooting) may be required for effective dehydration.  It is now recognized that the mean stratospheric meridional transport circulation, often referred to as the Brewer-Dobson circulation, is primarily a response to extratropical wave driving in the stratosphere [e. g., Holton et al., 1995]. Such wave-driving causes air to drift poleward in the stratosphere, pulling air upward across the tropical tropopause into the stratosphere, and pushing air downward across the tropopause in the extratropics. Air pulled upward at the tropical tropopause is cooled below its radiative equilibrium temperature, and thus is diabatically heated (increases its potential temperature) as it moves upward into the stratosphere. 

The Brewer-Dobson circulation model for dehydration has sometimes been criticized on the grounds that upwelling at the tropopause should promote the formation of a continuous cirrus cloud just below the tropical tropopause, which is not observed.  However, it is now known [Wamg et al., 1996] that  cirrus clouds are very widespread at the tropical tropopause, but are generally so tenuous that they are subvisible.

Airborne lidar observations [Pfister et al., 2000] indicate that some subvisible cirrus near the tropopause can be interpreted as thin extensions of cirrus anvils associated with large-scale convective complexes. In that case the subvisible cirrus would not necessarily be associated with steady uplifting and might have no relevance to stratosphere-troposphere exchange. There is evidence, however, that not all subvisible cirrus can be associated with upstream anvils, and that the long lifetimes and widespread extent of the subvisible clouds could only be maintained in the presence of weak uplifting [Boehm et al., 2000].

The Brewer model has also been criticized on the grounds that the mean tropopause temperature is not cold enough to account for observed stratospheric water vapor mixing ratios if it is assumed that upwelling occurs uniformly throughout the tropics. Recent analyses of satellite and aircraft data [e. g., Michelsen et al., 2000; Zhou et al., 2000] have confirmed that the mean mixing ratio of water vapor at entry to the stratosphere is  ~3.5 ppmv, whereas the ice saturation mixing ratio at the mean tropopause temperature is typically ~4.5 ppmv.

The inability of freeze drying at the mean tropical tropopause temperature to dehydrate the stratosphere to observed water vapor mixing ratios led Newell and Gould Stewart [1981] to propose the “stratospheric fountain” hypothesis.  According to this hypothesis transport of air into the stratosphere occurs preferentially in areas where the tropical tropopause temperatures are below their annual and longitudinal mean values. The coldest tropopause conditions are in the tropical West Pacific in Northern Hemisphere winter. This region has come to be commonly known as the “fountain” region.

The so-called stratospheric fountain model in which widespread uplifting is concentrated in the Western Pacific region, where tropopause temperatures are coldest, was proposed by Newell as a way to account for the extreme stratospheric aridity.  The fountain hypothesis has recently been called into question by observational and model results indicating that the tropical Western Pacific and Maritime Continent region is actually an area with net subsidence at the tropopause [e.g., Sherwood, 2000; Gettelman et al.,2000]. Apparently the widespread high altitude thick anvil clouds in this region reduce the upwelling long-wave radiation sufficiently so that there is net radiative cooling above the clouds, and hence air parcels in this region are cooled and subside.

Thus, at present we are left with a puzzle:  Freeze drying to the saturation mixing ratio characteristic of the exceptionally cold tropopause of the tropical Western Pacific is apparently required to account for the observed very low stratospheric water vapor mixing ratios. Such freeze drying apparently requires slow upwelling to allow time for the ice crystals formed in the freezing process to sediment out. Observations, however, suggest that the mean vertical motion is downward at the tropopause over the West Pacific, not upward. Thus the term “fountain” is not appropriate.  Rather, this region will be referred to below as the “cold trap”.

As suggested earlier, the mixing into the stratosphere of air parcels in overshooting cumulus turrets is not expected to be an efficient dehydration process since on the short timescales of individual turrets, ice contained within the overshooting air parcels cannot efficiently sediment out. Thus, as the parcels mix with stratospheric air and spread to form thin cirrus anvils, the ice crystals will tend evaporate, and hence will increase the water vapor mixing ratio. However, if there is sufficient radiative cooling at tops of the cirrus anvils condensation and further dehydration could occur. This is basically the mechanism suggested by Danielsen [1982]. However, observations during STEP 1987 [e.g., Danielsen, 1993] provided only limited support for this mechanism; temperature profiles indicative of overshooting and mixing of cumulus were seldom observed during STEP.  Despite the problems presented by the cumulus overshooting model, a variant of the overshooting hypothesis has recently been proposed by Sherwood and Dessler [2000]. Although their model is able to explain some aspects of the observations, it requires that air parcels in overshooting turrets become rapidly dehydrated, but does not explain how this occurs.

In addition to local effects from overshooting cumulus convection the temperature of air parcels near the tropical tropopause can be significantly modulated by mesoscale uplift associated with convectively generated gravity waves, or forced mesoscale circulations associated with organized convective systems. Such systems can temporarily raise and cool the local tropopause and thus may contribute to dehydration and formation of a lifted hygropause [Teitelbaum et al., 2000]. 

However, it must be acknowledged that although gravity waves can produce temperatures colder than the mean tropopause temperature, they primarily cause parcels to oscillate up and down adiabatically. Thus, they do not generally produce irreversible transfer of air from the troposphere into the stratosphere, and may not allow sufficient time for a significant fraction of the ice crystals in the parcel to sediment out unless repeated upward and downward oscillations cause the air parcel to experience multiple passes through freeze drying temperatures.

An Alternative Hypothesis for Dehydration

The traditional fountain hypothesis relates dehydration to local upwelling of air across the tropopause in the equatorial West Pacific.  Suppose, however, that an air parcel were to enter the stratosphere by slow forced upwelling upstream of the West Pacific cold trap  in an area where there was weak diabatic heating at and above the tropopause. The parcel would be dehydrated to the saturation mixing ratio characteristic of the tropopause in that region.  As it was advected downstream into the cold trap region it would  undergo diabatic cooling and sink toward the extremely cold tropopause of the West Pacific.  Further dehydration would then occur as the parcel moved through this cold trap.  For a typical horizontal velocity of 5 ms-1 and a cooling rate of 1 K/day, a cooling of order 5 K could occur during passage of the parcel through the cold trap. Downstream of the cold trap the parcel would again became subject to diabatic heating and rise.   

In this alternative model, the equatorial Western Pacific region continues to play a crucial role in dehydration, but not as a preferred region of overshooting cumulus turrets or of net uplifting at the tropopause.  In order to elucidate the role of the West Pacific region it will be necessary to contrast tropopause conditions in the Western Pacific to those at other longitudes. 

Climatological analyses [e. g., Highwood and Hoskins, 1998] show that during Northern Hemisphere winter the equatorial tropopause is coldest over the Western Pacific (where the troposphere is warmest) and has a secondary cold area over South America. The altitude of the tropopause has a relatively small longitudinal variation. Thus, the potential temperature of the tropopause has a distinct minimum in the West Pacific, and air parcels that have crossed the tropopause at other longitudes will be cooled as they are advected quasi-isentropically into the West Pacific cold trap.  Such cooling will lead to condensation and formation of thin cirrus. Owing to the relatively long time scales (several days) associated with horizontal advection in this region, ice crystals formed will be able to undergo significant sedimentation, and irreversible dehydration will occur. 

Although at altitudes above about 20 km the equatorial circulation is primarily zonal and dominated by the quasi-biennial oscillation, this is not true in the cold trap layer just above the tropopause. The mean circulation in the tropics in the tropopause layer over the West Pacific features a subtropical anticyclone in each hemisphere bounded on the poleward side by subtropical westerly jets and on the equatorial side by equatorial easterlies. Back trajectory calculations [Pfister et al., 2000] indicate that air parcels entering the stratosphere over the Indian Ocean during Northern winter can be advected poleward into the subtropical jet, where they are then rapidly advected eastward into the Central Pacific, and then equatorward where they return westward through the cold trap region and are dehydrated to the very low saturation mixing ratio characteristic of that region. In other words, there is potential for air that has entered the stratosphere in regions of warmer tropopause temperatures to be dehydrated by horizontal transport into the cold trap region.  Processing of air in this manner has the potential to explain the observed features of the stratospheric water budget.

Aura Observations near the Tropical Tropopause

In the alternative model suggested above, the Western Pacific region continues to play a crucial role in dehydration, but not as a “fountain” region of net uplifting at the tropopause.  In order to elucidate the role of the West Pacific region it will be necessary to contrast tropopause conditions in the Western Pacific and Maritime Continent region to those upstream in the CentralPacific.  The Western Pacific is characterized by a cold high altitude tropopause, thick high altitude cirrus, mean radiative cooling and sinking at the tropopause. The Central Pacific, on the other hand, has a warmer tropopause and is comparatively  cloud free. 

 Because of the occurrence of thick clouds near the tropopause, observations from HIRDLS will in general only be possible to within about 800 m of the tropopause over the Western Pacific. The high resolution in the horizontal provided by the HIRDLS scanning mode will, however, provide unique information on the longitudinal dependence of ozone, water vapor, and temperature for isobaric layers in the stratosphere down to near the level of the highest clouds. The longitudinally varying vertical circulation that apparently exists over the tropical Pacific is likely to decay rapidly with height above the tropopause so that temperature and constituent  variations at the tropical tropopause level will decrease rapidly with height, but should still be detectable at the 50 hPa level, and hence can be examined by HIRDLS.   MLS, on the other hand, should be able to provide water vapor and temperature measurements across the tropical tropopause in both the Western and Eastern Pacific, and hence can provide further information on longitudinal variations, albeit with less resolution.  

 In the cloud free regions of the Eastern Pacific,  HIRDLS observations  should provide useful water vapor, ozone, and temperature measurements into the upper troposphere. These measurements should provide crucial information on the water vapor budget of the tropical upper troposphere in the dry regions, which is thought to be an important factor in the atmospheric greenhouse effect.

 Aura observations will thus provide  key information on longitudinal variations across the Pacific, but will not have the vertical resolution required for testing theories of stratospheric dehydration. Nor will Aura be able to make the microphysical and radiative measurements that appear to be necessary to elucidate the possible role of subvisible cirrus in stratospheric dehydration.  Thus, an airborne field experiment (or series of field experiments) will be required to further the scientific understanding of processes in the region of the tropical tropopause, and to provide validation for Aura observations. Validation of HIRDLS and MLS observations near the tropical tropopause is particularly important because of the challenges of interpreting remote sensing observations in a region of rapid vertical variations.

Airborne Science and validation experiment

The major scientific objectives of an airborne experiment would be to elucidate the water vapor budget of the upper tropical troposphere and to test the hypothesis for stratospheric dehydration given above.    The ideal set of observations would be a series of vertical and meridional profiles over several different longitudes in the Pacific, extending from the equatorial zone into the subtropical jet, to determine the distributions of winds,  temperature, water vapor, ozone,  a stratospheric tracer such as nitrous oxide, a tropospheric tracer such as carbon monoxide, cirrus clouds, and upward and downward radiative fluxes with high vertical resolution.  Such observations are needed in the presence of thick high level clouds (i. e., over the Western Pacific warm pool),  in the presence of subvisible cirrus, and in the dry region of the Eastern Pacific.  Because of the strong seasonal cycle in tropopause temperatures over the Western Pacific, it would also be desirable to carry out two field deployments, one in Northern Hemisphere winter, and one in summer. The ideal experiment would include observations both upstream and downstream of the Western Pacific cold region, and would enable us to diagnose the net water vapor mixing ratio changes experienced along mean trajectories by parcels passing through the fountain region at near tropopause levels. Simultaneous measurements of potential temperature and suitable stratospheric and tropospheric tracers should enable us to estimate dehydration during passage through the fountain region even in the absence of accurate dynamical information. However, accurate radiative flux measurements that would allow us to diagnose net radiative heating and cooling of the parcels would be an enormous help in testing the above hypothesis. 

A realistic experiment focused on scientific objectives plus Aura validation will of course depend on compromises among investigators with various agendas, and on the availability of platforms, instruments, field sites, and funding. It is rather unlikely that extensive vertical profiling over a wide range of longitudes in the Pacific is feasible during the next several years.  A minimum objective should be, however, to obtain at least some longitudinal survey  information in the tropical Pacific with lidar equipped aircraft (to provide vertical profiling), and to concentrate in-situ aircraft observations of microphysical and radiative parameters in the Western Pacific in conditions of both subvisible cirrus and thick high altitude cirrus. 
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