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Abstract

:

Aircraft and rockets entered the lower stratosphere on a regular basis during World War II and have done so in increasing numbers to the present. Atmospheric testing of nuclear weapons saw radioactive isotopes in the stratosphere. Rocket launches of orbiters are projected to increase substantially in the near future. The burnup of orbiters has left signatures in the aerosol. There are proposals to attenuate incoming solar radiation by deliberate injection of artificial aerosols into the stratosphere to “geoengineer” cooling trends in surface temperature, with the aim of countering the heating effects of infrared active gases. These gases are mainly carbon dioxide from fossil burning, with additional contributions from methane, chlorofluorocarbons, nitrous oxide and the accompanying positive feedback from increasing water vapor. Residence times as a function of altitude above the tropopause are critical. The analysis of in situ data is performed using statistical multifractal techniques and combined with remotely sensed and modeled results to examine the classical radiation–photochemistry–fluid mechanics interaction that determines the composition and dynamics of the lower stratosphere. It is critical in assessing anthropogenic effects. It is argued that progress in predictive ability is driven by the continued generation of new and quantitative observations in the laboratory and the atmosphere.
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1. Introduction


This paper is organized to provide a condensed history of how the lower stratosphere is supplied with air and molecular content, both natural and anthropogenic. The central importance of new, accurate, original measurements and observations, both in the laboratory and the atmosphere, emerges as a central theme. Such measurements have addressed issues about the composition, photochemistry and radiative balance of the region. The results from the original work on the lower stratosphere resulted in the following picture. Air moving upwards from the troposphere enters the stratosphere across the tropopause in the tropics [1,2,3], with some entering the lower stratosphere at midlatitudes via the subtropical jet stream and polar front jet streams connected with cyclonic development [4,5] and cumulonimbus activity [6]. Downward-moving air leaving the lower stratosphere does so mainly in extratropical latitudes, by tropopause folding [7,8,9], with some contribution from radiatively driven descent. The low latitude exchange between the lower subtropical stratosphere and the upper tropical troposphere, via collapsing cumulonimbus and isentropic transfer equatorward from the subtropical jet stream, leads to detectable fractions of stratospheric air in the troposphere above 12–14 km altitudes up to the tropical tropopause at about 16–17 km altitude [10,11].



The circulation in the extratropical lower stratosphere was determined to have westerly winds in the winter and easterlies in the summer [12]. It was further determined to have a cyclonic winter polar vortex in the Arctic up to at least 50 mbar [13].



The 1963 eruption of Mt. Agung revealed that sufficiently energetic volcanic events could penetrate the tropopause and spread worldwide [14,15]. It injected a large volume of sulfurous aerosol, which exerted detectable radiative effects on the lower stratosphere, causing local heating in the lower stratosphere [16] and a smaller cooling in the surface air. An aerosol layer at 15-20 km, the Junge Layer, was detected by balloon-borne sondes [17]. The realization that the radioactive fallout clouds from nuclear explosions ≥1 megaton yield in the 1950s and 1960s stabilized in the lower stratosphere [18] led to an increase in both measurement and modeling activities. Studies of radioactivity, volcanic ejecta and later, of gases indicated that residence times ranged from days to a few weeks in the 3–5 km above the tropopause to about 5–6 years in the upper stratosphere. Descent in the winter polar vortex was an important process in transporting air from the mesosphere and upper stratosphere into the lower stratosphere.



With the advent of jet aircraft and rocket launches, engine exhaust emissions were emitted into the lower stratosphere. Burnup of satellite payloads on re-entry produces particulate matter that descends in the winter polar vortex to the lower stratosphere. Such anthropogenic emissions have the potential to affect the chemical and radiative balance of the region.



A recurring theme is that new quantitative measurements, both in the laboratory and the atmosphere, have a major impact in that generally, they have led to new results that were largely not initially forecast by modeling efforts. Examples are the effects of reactive, short-lived halogenated molecules on the ozone concentration; the measurements of rocket exhausts after launch reducing ozone by greater amounts than calculated and the enhanced effects on the radiative balance of the observed water mixing ratios.




2. Observed State via In Situ Methods


The bottom 5 km or so above the northern midlatitude tropopause has a signature of air that has not been dried exclusively at the tropical tropopause, see Figure 1. It is particularly evident in the lowermost stratosphere, just above the tropopause. This is a modern version of what was seen originally at northern midlatitudes in Ref. [3] and later in Ref. [4].



It had been established, by using a frost point hygrometer modified to work with CO2 instead of H2O [3], that there was no gravitational separation by molecular weight in the lower stratosphere.



A central fact of stratospheric ozone is its vertical distribution and the causes underlying it. Solar ultraviolet radiation photodissociates molecular oxygen at wavelengths below 242 nm, resulting in oxygen atoms that recombine with oxygen molecules to produce ozone. The wavelengths below 242 nm do not penetrate beyond the upper stratosphere, and chain reactions involving HOx, NOx and ClO free radicals destroy ozone catalytically. The net result is a maximum in ozone number density, which means that most of the UV-absorbing activity occurs below about 25 km, depending on latitude. Figure 2 shows typical examples. Basic mechanisms are shown in Figure 3.



By 1970, theories had been promulgated that the missing sink to account for the excess ozone calculated in the stratosphere by use of the pure oxygen Chapman reactions [22,23] could be chain reactions involving OH and HO2 [24,25,26] or NO and NO2 [27,28,29]. In both cases, it was proposed that the reaction of the excited O(1D) atom from ozone photodissociation with the stable parent molecules H2O and N2O was the source of two OH and two NO reactive molecules, respectively. There was one report of these odd nitrogen species in the stratosphere, an observation of NO and HNO3 nitric acid vapor [30].




3. The Period of 1971–1984


The catalytic chain reactions meant that species at mixing ratios three or four orders of magnitude less than that of ozone could, via chain lengths of 104, significantly attenuate the ozone layer. Two papers in 1971 changed the landscape regarding anthropogenic effects in the lower stratosphere [31,32]. The proposed Boeing 2707 and the Anglo-French Concorde supersonic airliners would fly well into the stratosphere, and chemical kineticists led by Harold Johnston did some quick calculations that suggested that 500 2707s would cause significant losses in the ozone layer via the NO emitted by their exhausts. The combustion chambers were hot enough to make the major air constituents N2 and O2 react to produce NO at about 1% mixing ratio via the following possible, much simplified, reaction sequence:


O2 + M → O + O + M



(R1)






O + N2 → N + NO



(R2)






N + NO → N2 + O



(R3)






NO + O2 → O + NO2



(R4)






NO + NO + O2 → NO2 + NO2



(R5)







These reactions involve reactants that have excited states, electronic in all cases and vibrational and rotational in the case of molecules. At temperatures reached in jet engines, ionization is not significant, but it is in lightning and nuclear weapon explosions. In the latter cases, the ionized air ranges from temperatures of approximately 30,000 K to 7000 K, at which point, the cooling air becomes transparent to visible radiation [33]. The temperature at which significant production of NO occurs is about 2000 K and above. The radius of the shocked air at 2000 K is larger than that at 7000 K, so the shock wave produces more NO than the ionized channel [34,35]. When water is included, significant production of OH and HO2 also occurs [36] because the dissociation of H2O occurs at about the same temperatures (>2100 K) as (R1), the initiator of the chain reaction (R2), (R3), which mainly produces NO [33]. Lightning has recently been observed to produce fine aerosols too [37]. The exhaust emission of Concorde has been measured directly in the lower stratosphere and includes particulates as well as the gaseous species [38].



A Nobel Prize-winning paper was published in 1974 [39], which pointed out that the chlorine atoms liberated from chlorofluoromethanes could destroy ozone once they were transported above the ozone maximum. These molecules were widely used as refrigerants and propellants and were growing exponentially. The paper was based on measurements of CFCl3 and CF2Cl2 over extensive areas of the planetary surface [40]. The liberation of free chlorine atoms by UV photodissociation above the ozone maximum was calculated to destroy the ozone by the following chain reaction:


   X + O3 → XO + O2

     XO + O → X + O2

nett: O + O3 → O2 + O2











The time taken to circulate the entire atmospheric content of the chlorofluoromethanes above the ozone maximum resulted in very long lifetimes for these molecules, which had no other detectable sink. The current values are 52 and 102 years for CFCl3 and CF2Cl2, respectively [41]. Chain lengths can extend to 104, making it possible for parts per billion of X to destroy parts per million of odd oxygen, O + O3 [42].



The first critical test of the theory was when X ≡ Cl came with balloon observations of ClO in the stratosphere [43]. Further consistency was gained by measurements of HCl [44,45,46,47] and of total chlorine and bromine [48]. Laboratory studies of diatomic free radicals were extended to BrO [49] following the authors’ earlier work on ClO that had underpinned [39]. Nitrous oxide had been detected in the earth’s atmosphere by IR spectroscopy just after WW2 [50]. N2O and CH4 had been shown to decrease above 15 km by spectroscopic methods, see Table 1 of Ref. [51]. Whole air sampling from balloons confirmed that vertical profiles of CFCl3, CF2Cl2 and N2O decreased with altitude in the stratosphere [52,53], the product of two factors including the operation of stratospheric sink processes and the ongoing growth in the troposphere as the result of continuing production at the surface, which was much larger for the chlorofluoromethanes than for nitrous oxide. Nitrous oxide is naturally produced by bacterial action in soils [54]. Agriculture has caused a persistent increase over the past several decades.



Cross-coupling between the HOx and NOx chains was realized [32], and the need to include ClOx chain reactions was proposed to be significant [55,56]. The complexity of the reactions involved is laid out in chapter 5 of Ref. [57]. Measurements of some hydrogen-oxygen–nitrogen molecules in the stratosphere [58] eventually turned into a test of the photochemical models, revealing a large problem with calculations of the NO2/HNO3 ratio [59,60]. The state of stratospheric chlorine photochemistry was reviewed [61]. At that stage, the photochemistry considered had been entirely homogeneous gas phase kinetics, with no account of any heterogeneous reactions on aerosol surfaces. That was about to change.



A significant event with future ramifications was the detection of clouds in the winter stratospheric polar vortices by the SAGE II satellite [62], at temperatures significantly warmer than the frost point for water vapor. These were identified as “polar stratospheric clouds” (PSCs) shortly afterward [63].



A thorough review of the state of play up to 1981 is available Ref. [64]. In it, Figure 6 shows in two dimensions, pole to pole, what Figure 2 above shows in one. One-dimensional, column, 1D coordinates had been the focus, but it was realized that a wider context was needed. Accordingly, a 2D, latitude–height, study was performed, which was the best that could be attempted with the contemporary computer power and data availability. Overall, 82% of the ozone was below 10 mbar (30 km), with more in the winter hemisphere and lower down. At the time, it was not possible to represent the polar vortex including chemistry accurately. The winter polar vortex was persistently calculated by general circulation models to have a large cold bias compared with observations [65]. Of course, it was not possible for two-dimensional models to represent well the pathologically three-dimensional vortex.



It was realized that the ozone photochemistry and the radiative effects of carbon dioxide increases from fossil fuel burning were interactive, particularly in the upper stratosphere [42,65]. One early general circulation model prediction was that the Indian Ocean Southern Hemisphere summer monsoon transported significant amounts of upper tropospheric air into the lower stratosphere of the Southern Hemisphere [66,67]. That would later turn out to be a significant effect with its Northern Hemisphere equivalent once satellite observations were available; it provides a route for upper tropical tropospheric air to enter the midlatitude lower stratosphere. The interaction of the three maxima in the subtropical jet stream with stratospheric anticyclones was significant in both hemispheres in a diagnosis made in January.



The necessary three-dimensional model approach was applied and analyzed in the early 1980s. The major dynamical event that occurs in approximately one year of three in the Northern Hemisphere winter stratosphere, Sudden Stratospheric Warmings, was spontaneously produced in a general circulation model and linked to cyclogenesis in the troposphere [68,69]. Observationally based analyses of the entry of air to the stratosphere [70] and exchange across the tropopause [71,72] were also published. References [64,66,71] contain citations of several investigations that are reflective of the state of knowledge at the time.



Two observational papers that, in hindsight, had important predictive power but were underappreciated at the time involved NO2 observations from a ship [73,74]. The term “Noxon Cliff” was used to describe the sharp gradient in stratospheric NO2 between mid- and Antarctic latitudes, with very low values poleward. It indicated that there was an unknown sink process operating at high southern latitudes, a discovery that was portentous.




4. The Period of 1985–2006


In 1985, a paper was published that revolutionized the photochemical understanding of the stratosphere, by extending the study of the summer ozone column over Antarctica [75] to the late winter and spring [76]. The Halley Bay observations [76] of large depletions in the ozone column in the winter polar vortex were extended by analysis of the TOMS (Total Ozone Mapping Spectrometer) instrument’s observations from the Nimbus 7 satellite [77]. Those low values were discounted because the low ozone columns seen over Antarctica in late winter and early spring were below the threshold of what had been deemed possible. The satellite observations showed the depletion to be vortex-wide and gave rise to the “ozone hole” description [77].



The original prediction [39] was for reductions of about 10% located in the upper stratosphere at low and midlatitudes by the late 21st Century; what had occurred was reductions exceeding 50% in the lower Antarctic stratosphere starting apparently in October 1977. It was clear that conventional gas-phase photochemistry could not account for the loss. Several theories were proposed to explain the ozone hole; the one that eventually proved to be successful involved heterogeneous chemistry on the surface of polar stratospheric particles [78], which liberated reactive chlorine atoms and molecules from the reservoir species. Freed from ClONO2 and HCl, the Cl2 rapidly photodissociated, with the Cl atoms producing ClO by reaction with ozone. The self-reaction of ClO to produce Cl2O2 was the rate-determining step of the operative chain reaction [79,80], with BrO also active to a lesser extent. The involvement of polar stratospheric clouds (PSCs) was posited as active in the production of HNO3 at Arctic latitudes [81], and their presence was confirmed by analysis of anomalous radiances by the Limb Infra-red Monitor of the Stratosphere (LIMS) instrument on the Nimbus 7 satellite [82]. In turn, [82] inspired [83], which determined that nitric acid trihydrate crystals could form at PSC temperature and pressure.



Strong indications of perturbed photochemistry were observed in the springtime Antarctic vortex by the first National Ozone Experiment (NOZE-I) expedition from McMurdo in 1986 [84,85,86]. The abundance and diurnal behavior of OClO could not be explained by currently employed photochemical mechanisms, as was true of NO2 and O3. Ozonesonde ascents from McMurdo and the South Pole showed that the ozone loss was concentrated in the lower stratosphere, between 10 and 25 km [87,88]. In 1987, the National Aeronautics and Space Administration–National Oceanic and Atmospheric Administration–National Science Foundation–United Kingdom Meteorological Office–European Centre for Medium-Range Weather Forecasts (NASA-NOAA-NSF-UKMO-ECMWF) Airborne Antarctic Ozone Experiment (AAOE) flew, in late August and through September, in situ instruments on the high-altitude ER-2 and remote sounding instruments plus in situ ozone and total water on DC-8, at 16–20 and 10–12 km, respectively [89]. The flights ranged from Punta Arenas (53° S, 71° W) south to 72° S (ER-2) and to the pole (DC-8).



The immediate results from the ER-2 were that the vortex was dehydrated [90], denitrified [91] with direct detection of PSC particles containing reactive nitrogen [92], with high ClO [93,94,95] leading to small amounts of ozone depletion in late August to large losses in late September [96,97]. Tracer measurements showed large depletions of N2O [98], CFCl3 and CF2Cl2 [99]. The tracers thus indicated substantial descent in the vortex, with air having been brought down from the sink regions above the ozone maximum. The synoptic-scale activity caused poleward moving ridges in the upper troposphere and lower stratosphere that forced PSCs in the vortex and promoted transport to midlatitudes; the vertical region in the lowermost stratosphere between 400 K potential temperature and the tropopause at 300 K had a freer exchange with midlatitudes than did the overlying vortex [100].



The realization that there was ozone loss at the periphery of the Antarctic vortex, occurring in the air with temperatures exposures that were observed within the Arctic vortex, led to a further aircraft mission, the Airborne Arctic Stratospheric Expedition (AASE) [101]. An important result was the measurement from the ER-2 of ClO mixing ratios at the center of the Arctic vortex in mid-February 1989 [102], which were as high as those in the Antarctic in August/September 1987, some 1200 pptv. It was also established that there was a vertical redistribution of NOy. following the detection of elevated levels from the DC-8 that had descended under gravity in PSC particles from ER-2 altitudes and then evaporated [103]. PSC formation and behavior was characterized and calculated in more detail [104,105,106]. Their radiative effects [107] and chemical consequences [108,109] were calculated. The exchange between the vortex and midlatitudes was observed, driven by underlying tropospheric cyclogenesis, with tropospheric air seen up to 420 K potential temperature [100,110]. The age of air from stratospheric entry at the tropical tropopause to descent in the winter vortex was deduced from CO2 observations from the ER-2 to be 3 years at flight altitudes, about 18 km [111]. That was possible because air entering the stratosphere had a large annual rate of increase in CO2 and no sink in the upper stratosphere. That was important because the descent of air in the vortex followed by transport to midlatitudes undercut the self-healing effect in conventional extrapolar odd oxygen loss in the upper and middle stratosphere [112].



The findings from AASE in the winter of 1988/89 added urgency to further investigation of the effects of Arctic polar ozone loss, encompassing the seasonal cycle and the effects on midlatitudes. The following two events had a significant effect on AASE-II: the eruption of Mt. Pinatubo in May 1991 and the launch of the Upper Atmosphere Research Satellite (UARS) in September 1991.



An early result from UARS was the unmixed descent from 65 to 25 km at the center of the Antarctic vortex, implying the descent of the entire mesosphere into the polar mid-stratosphere by October 1991 at least once during the winter [113]. The mixing ratio of CH4 was constant between the two altitudes, with consistent behavior from HF, HCl, H2O, NO, NO2 and O3 indicating the descent of unmixed mesospheric air. There was also evidence of entry into the vortex of midlatitude air at 25 km [113,114] with time constants (calculated e-folding times) of 30 and 19 days for the replenishment of water vapor and ozone, respectively, during October.



AASE-II encompassed several locations, but the main operations were from Bangor, Maine (44° N, 68° W), between September 1991 and March 1992 [115]. A wider range of quantitative in situ observations compared with its predecessor was made from the ER-2 and DC-8 aircraft, followed by the Stratospheric Photochemistry, Aerosols and Dynamics Expedition (SPADE) 8 months later [116], which made in situ observations of the composition of the lower stratosphere from the NASA ER-2 aircraft at latitudes from 15° N to 60° N, during November 1992 and April, May and October 1993.



AASE-II and SPADE were greatly influenced by the eruption of Mt. Pinatubo and were equipped with enhanced instrumental payloads that enabled more detailed, precise and complete observation of all the reactive radical species including OH and HO2 [117] and their interaction with volcanic aerosols [118]. The aerosols were characterized as never before, including the result that the aerosol was affecting the abundance of active chlorine [119]. The Mt. Pinatubo aerosol was gone from the lower stratosphere by two years after the eruption.



The ER-2 sampled its own emission plume in the stratosphere [120]. The interpretation of the results by the integration of the chemistry along air parcel trajectories [121] revealed the importance of the dynamics [120].



The Microwave Limb Scanner (MLS) on UARS gave global coverage of some key species, in particular, ClO and O3, in the Antarctic [122] and Arctic [123] vortices. The seasonal evolution in both horizontal and vertical was observed, with the onset of elevated ClO occurring in early June in Antarctica and descending from 22 hPa in mid-August to 46 hPa by mid-September, in a manner consistent with the ER-2 observations in 1987 [124]. The Arctic behavior was more varied and had a sudden cooling in March 1994, again consistent with ER-2 observations in 1989 [110].



Observations of its own exhaust from the DC-8 permitted comprehensive characterization of the emissions of a typical commercial aircraft [125]. The observation of a relatively moist, aerosol-rich layer at 13 km in the lower stratosphere above Moffett Field demonstrated the conversion of NOx to NOy on aerosol surfaces [126], an illustration of the importance of the water vapor profile in the lowest scale height above the tropopause, as seen in Figure 1.



A Southern Hemisphere equivalent to AASE-II was mounted from April to October 1994 [127], the Airborne Southern Hemisphere Ozone Experiment—Measurement of Aircraft Effects of Stratospheric Aviation (ASHOE-MAESA) from Christchurch, New Zealand (44° S, 173° E). Altogether, 45 flights were performed by the ER-2, including test flights to the Arctic vortex in February from Moffett Field, which showed elevated ClO and some denitrification. An alternative payload to study the radiative balance in high resolution in the infrared was deployed and made observations of cooling rates in the lower Antarctic vortex [128,129], showing sensitivity to underlying sea ice cover and skin temperature in addition to the effects of ozone loss. Observations of the upwelling radiation were made at 0.5 cm−1 resolution between 3.4- and 16.7-micron wavelengths. Cooling rates were sufficient to sustain the descent deduced from tracer measurements. The High-resolution Interferometer Spectrometer (HIS) revealed a thermal structure not apparent in the operational assimilation that used satellite data.



The full complement of the NOx, HOx and ClOx free radicals was deployed between 59° N and 68° S, including several flights designed to examine the tropical regions from Hawaii and Fiji. Gravitational settling of NOy was observed at the edge of the Antarctic vortex, and PSCs were encountered in late July and early August. Dehydrated air was seen outside the vortex in October, and evidence for a 10o latitude-wide mixing zone centered on the jet core was seen [10]. Tracer observations also showed the mixing of outer vortex air into midlatitudes [130]. The photochemical measurements revealed the role of OH and HO2 as never before in the tropics [118] and over the whole latitude range. The water observations were combined with satellite data to draw conclusions about stratospheric transport and the asymmetry between the hemispheres [131]. Biomass burning and its relation to tropical convection were also analyzed [132].



Observations were made in the stratosphere of the exhaust plume from a Concorde during its approach to Christchurch, yielding unique information about supersonic airliner exhaust actually in flight [38]. CO2, NOx and HOx emissions were largely as expected, but the high concentrations of aerosol particles implied efficient conversion of the fuel sulfur to sulfate.



It was by now apparent that the full annual cycle of the chemical composition of the polar lower stratosphere was required, resulting in the Photochemistry of Ozone Loss in the Arctic Region in Summer (POLARIS) mission from Fairbanks (65° N, 148° W) in 1997 [133,134]. The results from the ER-2 and balloon profiles agreed with NOx-driven loss, as reported from ozone column observations in Ref. [75] for the Antarctic summer, albeit with a much better characterization of chemistry, radiation and transport. The inclusion of a radiometer on the ER-2 enabling the calculation of the ozone photodissociation rate, J[O3], ref. [135] produced an unexpected result: the positive correlation between that rate and the intermittency of temperature under statistical multifractal analysis [136], when combined with the results from the SAGE-III Ozone Loss and Validation Experiment (SOLVE) mission in the 1999–2000 winter [137], see Figure 4. This was an indication that hot photofragments were not instantaneously thermalized to a Maxwell–Boltzmann probability distribution.



Another consequential new observation was made in 1997, the WB57F Aerosol Mission (WAM). For the first time, the real-time analysis of individual aerosol particles was accomplished by the Particle Analysis by Laser Mass Spectrometry (PALMS). During six flights from Ellington Field (30° N, 95° W), over a million particles were encountered in the lower stratosphere and upper troposphere over the continental United States of America (USA) [138]. While sulfate-rich particles were predominant, pure ones were a rarity: 45 different elements were detected over the whole population between 5 and 19 km. Organics were abundant in the upper troposphere. They were even present in lesser amounts in the lowest 3–5 km of the stratosphere. The aerosol composition was more complex than previously appreciated, an important discovery given the role of accelerated chemistry in and on aerosols.



The high organic content of the tropospheric aerosols was incompatible with equilibrium constructs such as Henry’s Law and solubility. It was accountable by an inverted micelle model, with amphiphilic (organic surfactant) molecules forming an exterior film, with hydrophobic tails in the air and polar groups in the interior [139] exposed to the polar aqueous sulfurous core. This model was confirmed by Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) on marine aerosols [140] and later on by continental samples [141].



The Stratospheric Tropospheric Experiment: Radiation, Aerosols and Ozone (STERAO) deployed aircraft, polarized Doppler radar and a three-dimensional radio interferometer to study the genesis of cumulonimbus storms on the Great Plains [142]. The location of the lightning strikes within the supercell was observed, and the NO production was measured in the outflow, combined with chemical measurements in the inflow. The event was successfully modeled numerically, giving confidence in the effect of a supercell on the connection between the troposphere and stratosphere.



In 1999, the Atmospheric Chemistry of Combustion Emissions Near the Tropopause (ACCENT) established a number of new observations that cast a fresh light on the composition of the upper tropical troposphere [143]. Two flights of the WB57F, from (30° N, 95° W) to (5° N, 95° W) on 19990920 and from (10° N, 86° W) to (30° N, 95° W) on 19990921 at a nominal altitude of 50,000’, equivalent to ≈15 km altitude, ≈360 K potential temperature and ≈125 mbar pressure. Ozone ranged between 3 and 130 parts per billion by volume (ppbv), with small-scale variability and varied correlations with a range of species having atmospheric lifetimes ranging from 10−2 to 103 years. Total water varied between 4 and 17 parts per million by volume (ppmv); the signature of molecules with a stratospheric sink indicated approximately 10% of the air along the flight tracks. The continuous, high-sensitivity methane observations showed the presence of stratospheric air between 12 and 17 km in the upper tropical troposphere [144].



The exhaust plumes from Delta II rockets, which used ammonium perchlorate (NH4ClO4/Al) oxidizer and liquid oxygen/kerosene fuel, were investigated by a stratospheric chemical payload carried on the WB57F at Cape Canaveral in 1998 [145]. The observed and modeled ozone losses in the promptly observed plumes were not in agreement, with the modeled loss falling short by about a factor of two on 720 s and 2340 s time scales at 18 and 18.6 km altitude. This result assumes greater importance in view of the rocket launch frequencies projected for later this century [146]—some as high as 15 per day—with the detritus from re-entry burnup of space vehicles being a potentially significant factor for climate as well as ozone loss.



Laboratory observations of water clusters [147] showed that absorption by the hydrogen-bonded water dimer was a significant factor in the near-infrared and visible transmissivity in the atmosphere [148]. Laboratory observations of overtone spectra of HNO3, HNO4 and H2O2 showed that photodissociation by near-infrared and visible wavelengths could produce free radicals, particularly at low zenith angles, i.e., at dawn and dusk and around the polar vortices in winter. The effect on pernitric acid, HNO4, solved a long-standing problem of NOy speciation throughout the lower stratosphere [149,150]. Further laboratory work revealed a similar photodissociation of sulfuric acid, H2SO4, yielding a source of sulfur dioxide, SO2, in the stratosphere [151].



In the Arctic winter of 1999–2000, a large mission involving several countries was mounted to further explore the stratospheric vortex’s chemistry and dynamics, the SAGE-III Ozone Loss and Validation Experiment/Third European Stratospheric Experiment (SOLVE/THESEO) [137]. Much of the airborne focus centered on Kiruna (67° N, 20° E), but there were balloon profiles elsewhere, with satellite observations and general circulation modeling providing a global context.



An important observation was the formation of large nitric acid–water particles at temperatures above the frost point, enabling denitrification without cooling to temperatures where dehydration could occur [152]. The ozone loss so enabled reached an estimated 58% at about 20 km altitude, a loss rate of 46 ppbv/day in the inner vortex [153]. That calculation ignored the diluting contribution of dynamical mixing within the inner vortex defined as bounded by a measured wind speed of 30 ms−1. Including it via a scaling analysis had the photochemical ozone loss rate within the inner vortex, as defined by the measured wind speed definition, proceeding at 17–33 ppbv/day [154] or about half the rate calculated excluding dynamics.



A further application of statistical multifractal analysis showed that the calculation of chemical loss rates in a turbulent medium of 23/9 dimensions necessitated changes in the application of the law of mass action [155].



Combining observations in the tropics and subtropics by the ER-2 and WB57F resulted in conclusions that the subtropical jet stream was a site of exchange between the upper tropical troposphere and the lower midlatitude stratosphere and that the tropopause between the subtropical jet stream and the inner tropics at 95oW sloped downwards from a potential temperature θ ≈ 400 K at 30° N to ≈380 K at 10° N [11]. The tropical surface moist static energy θw maximizes at 355 K, showing that the transport of higher θ air from the subtropical stratosphere is involved in determining the tropical tropopause.



The CRYSTAL-FACE (Cirrus Regional Study of Tropical Anvils and Cirrus Layers—Florida Area Cirrus Experiment) mission from Key West (25° N, 82° W) in 2002 detected deep penetration of tracked North American forest fire plumes up to potential temperatures of 393 K, 15.8 km and 1.7 km above the local tropopause [156]. Comprehensive chemical and aerosol signatures were available from the WB57F payload.



The pre-AVE (Aura Validation Experiment) mission from San José (10° N, 84° W) featured flights of the WB57F both north and south in the lower stratosphere and profiles above the airbase from the surface to 18 km altitude. Accurate, high-precision measurements of CH4 established the presence of stratospheric air between 12 km and the tropopause at 17 km and enabled the examination of four stages in the dehydration of the air in the tropical stratosphere. A detailed mechanism was proposed that entailed evaporative distillation of small ice particles onto larger ones with a significant fall velocity [157]. The single aerosol particle measurements [138] were combined with later observations to offer a comprehensive review of aerosol properties [158].



Analysis of aerosol composition at the surface in Scandinavia showed that fatty acids up to C32 molecules were on continental aerosols [141]. Some of these could be transported to the lower stratosphere, by cumulonimbus, pyrocumulus and during cyclogenesis.



The NOAA Winter Storms project, held over the eastern Pacific Ocean during the January–March winters of 2004, 2005 and 2006 deployed the G4 aircraft to drop a total of 885 GPS dropsondes from about 13 km in an area bounded by 15° N–60° N, 128° W–172° W [159]. The scaling characteristics of the winds, temperatures and humidity were established and found for horizontal wind speed to increase from the boundary layer to jet streams at up to 12.8 km. Isotropy was never observed [160]. Analysis of ozone data revealed the transport of midlatitude lower stratospheric ozone into the tropical marine boundary layer and to the subtropical anticyclone’s cloud decks [161].



Later analysis of WAM data showed activation of chlorine in the vicinity of the midlatitude tropopause, consistent with water content, aerosol amounts and a mechanism involving heterogeneous chemistry at temperatures above the frost point. The water mixing ratio was in the range of 20–25 ppm [162]; the water content of aerosols is a vital factor in their generation and chemical activity [126,163,164].



With respect to the definition of the tropopause, analysis of GPS dropsonde data from the NOAA G4 [159,160] showed that at vertical scales below 30m, the air immediately above and below the tropopause was indistinguishable as stratospheric or tropospheric, as shown in Figure 5.




5. WMO Reports and Assessments of Stratospheric Ozone


The World Meteorological Organization (WMO) has produced a series of documents beginning in 1981 that reviewed the then-current state of research into stratospheric ozone, starting with WMO Report No. 11 and most recently with No. 1268 in 2021. The Montreal Protocol and its Amendments formalized and accelerated the production of Assessments beginning in 1989, and there have been a further nine, at 4-year intervals, since 1994. The most recent chronicles the series and offers the current assessment [167]. It is evident that the series is necessary because the increased scope and accelerated pace of research have led to continued discoveries following experimental results, observations and model improvements. Examples are the results from lower stratospheric airborne observations of water and ozone [2,3,4,90]; reactive nitrogen [29,38,58,73,91,92,98] and reactive and total chlorine [40,43,44,52,94,95,99]. There are many others in the references covering eight decades. The discoveries include dynamical mechanisms, radiative transfer processes and chemical measurements of reactive species such as HOx. The process of observing variables and understanding their nonlinear interactions is still incomplete [167]. The entanglement of the ozone loss problem with climate change generally has been a growing theme, particularly since the hydrofluorocarbons (HFCs) that are replacing the chlorofluorocarbons (CFCs) are infrared active. Both species are “greenhouse” gases, infrared active and affect the climate. Because the H atom is readily attacked by the tropospheric OH, the HFCs do not get above the bottom scale height (approximately 7 km) of the stratosphere (Figure 1) but do have significant effects from there, see Chapters 2 and 5 of [167]. This current report has considered geoengineering [168,169,170], particularly in the form of Stratospheric Aerosol Injection (SAI), previously known as solar radiation management, as stated in its Chapter 6. Other methods proposed are Marine Cloud Brightening (MCB) and Cirrus Cloud Thinning (CCT). Geoengineering is a proposed deliberate intervention by injecting aerosols into the lower stratosphere that will cool the surface by scattering and absorbing solar radiation at the expense of locally heating the lower stratosphere. MCB is posited to reflect more solar radiation to space by encouraging more cloud formation by the induction of more nucleating particles. CCT acts to thin high-altitude cirrus, which is believed to reduce outgoing infrared radiation to space. All three methods depend upon the injection or production of manageable quantities of aerosols at sensitive sites in the atmosphere, with the objective of countering the heating of the surface atmosphere by fossil fuel burning, methane, nitrous oxide, CFCs, HCFCs and the water vapour from positive feedback. The logistics will not be trivial [170] but are of magnitudes that look possible, at least in principle.




6. Forecasts: Macroweather and Climate


The ability to forecast the future evolution of the lower stratosphere and the associated jet streams is tied to the ability to forecast the underlying tropospheric evolution [11,167,171,172,173,174]. That will in turn involve stochastic approaches and reductions to grid size to improve efforts much beyond 10 days. A horizontal resolution of 1 km has been proposed as necessary, but it is an unproven proposition. Both approaches will require extensive development and testing, with uncertain outcomes. Scaling analysis points to the absence of local thermodynamic equilibrium and the need to address questions about the representation of the wind speeds observed in jet streams, hurricanes and tornadoes [160,165,175].



Current climate models are argued not to predict climate, but macroweather, the meteorological regime that spans 10 days to 20 years [172]. That of course has utility but comes with large sensitivity to initial conditions, a constraint that will apply irrespective of spatial resolution. Further relevant work can be found in [173,174].



An important feature of the statistical multifractal analysis is that variances do not converge, in this case for winds, temperature, total water, ozone and nitrous oxide [175]. See reference [174] for a detailed review. The non-convergence of variance is illustrated in a larger context in [41] (Figure Q13-1), a clear demonstration that smooth or compact inputs to the coupled, nonlinear system of the atmosphere result in large variations in observed variables, with consequences for predictability.




7. Discussion and Conclusions


What we see in the progression of knowledge during the last seven decades is that original, accurate experiments and observations result in significant consequences for understanding and ability to simulate the stratosphere and its ozone content. The current state of knowledge [41,167] makes it clear that even in the present advanced stage, uncertainties persist. Here, we point out some associated with geoengineering [170].



With regard to the three types of geoengineering, SAI, MCB and CCT, we note that the venues of these interventions are interactively connected by the dynamics observed in [161]. Furthermore, the supply of total water will be central to the chemistry and cloud physics in all three venues and on all scales from molecular to global [4,10,11,66,67,90,131,143,148,156,164,176,177,178,179,180]. The current ability of climate models to reproduce the distribution of relative humidity is less than adequate over continental North America, for example [176]. The reliance on the Mt. Pinatubo eruption for a “calibration” of SAI may have significant uncertainties [177]. The variability in the response to a pulsed input is consistent with the non-convergence of variance, leaving the way open for differing interpretations of the uncertainties.



Examples of recent publications, among many, that have significant implications for the state of the lower stratosphere are [178,179,180]. The water content is, once again, central. It seems likely that since the Hunga Tonga eruption raised about 500 m of ocean into the stratosphere, there would have been organic molecular content injected into the stratosphere, which is a potential complication. With many particles containing transition metals in the stratospheric aerosol, chemical uncertainties abound—they are well-known as catalysts in chemistry. Iron, nickel and copper, for example, heterogeneously catalyze the production of ammonia, the hydration of vegetable oils and the oxidation of alcohols, respectively; these are a few examples among many. The metals already found in aerosol particles in the lower stratosphere conclusively indicate the presence of materials from rocket launches and the eventual burnup of their payloads upon re-entry to the atmosphere [178]. Some projections of the frequency of commercial launches run as high as 15 per day.



Air entering the bottom scale height of the stratosphere enters, with its chemical burden, from several directions including downward descent from the mesosphere and upper stratosphere in the winter vortices and their surroundings; upward entry from tropospherically based cumulonimbus storms and pyrocumulus clouds and horizontally by exchange across both subtropical and polar front jet streams and the associated tropopauses. It leaves by tropopause folding around jet streams into the upper troposphere, by small-scale turbulence and by radiative subsidence. These processes interact nonlinearly and are characterized by variances that do not converge. There is much left to do before confident, quantitative prediction is achieved.



The complexities of the interactions between radiative, chemical and dynamical processes on all scales have considerable implications for their reliable calculation, and hence, for policy decisions. The more reliable approach is to lean on analysis of observations [173,174], whether considering ozone depletion, global heating or air pollution.



These considerations have implications for future research. There is no substitute for high-quality, well-thought-out experimental work in laboratories and in the field that addresses the issues on all scales, from molecular through meteorological to global, and which pose critical tests for modeling.
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Figure 1. Average water vapor profiles in the tropics and in northern midlatitudes during the late winter/spring period when the tropical tropopause is coldest. The data are from ER-2 take-offs and landings 1987–1996 at Darwin and Panama (tropics), and from Moffett Field; Bangor, Maine and Wallops Island (midlatitudes). It is apparent that the air in the lowest 5 km above the tropopause has not been dried exclusively in the tropics. After Ref. [19]. 
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Figure 2. (a) Typical temperature profile. (b) Typical ozone number density profile. (c) Typical mixing ratio profile. The contrast between (b,c) shows why the greatest contributions to the total overhead ozone column arise from altitudes below 25 km, depending on latitude; the number density profile shows where the greatest contribution to the overhead column amount is located. The maxima in the profiles in (b,c) slope downwards from the tropics toward the poles. Profiles of DU (Dobson Units) per km are in Figure 4 of Ref. [20]. 
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Figure 3. (1) is the logarithmic density profile. (2) is the solar flux and (3) is the resulting absorption rate to produce ozone. The result is a mixing ratio profile peaking at about 30 km, while the number density profile peaks lower down at about 20–25 km in midlatitudes, see Figure 2. After Ref. [21]. 
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Figure 4. Data from ER-2 observations during POLARIS [133,134] and SOLVE [137]. The abscissa in both diagrams is the intermittency of temperature. The ordinate in the left diagram is the ozone photodissociation rate averaged over the flight segment. The ordinate in the right diagram is the temperature averaged over the flight segment. Error bars are standard deviations. The correlations indicate incomplete thermalization of photofragment energy at 55 mbar. 
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Figure 5. Change in temperature with altitude (the lapse rate). The dry adiabatic lapse rate (DALR) is 9.8 K/km and is marked by the vertical dashed line. The data are from Winter Storms 2004 [159,160] and were calculated for (a) a vertical interval of 15 m and (b) a vertical interval of 100 m. In (a), about 1% of the cases exceed the dry adiabatic lapse rate, whereas in (b), none do. The tropopause is discernible at vertical resolutions above 30 m using this criterion, but not below it. The 50% exceedance of the DALR is, by extrapolation, at 93 cm. Note that fluid flow emerges from a simulated molecular dynamics population of Maxwellian billiards in an asymmetric environment on very short time and space scales [165,166]. 
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