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CHAPTER 1
Introduction and Objectives of the Report 

                                                       CHAPTER 1

Long-term changes in global scale climate of the terrestrial atmosphere present one of the most acute problems of the modern scientific era. The initial hypotheses indicating that human induced industrial and agricultural activity may lead to systematic variations in the thermal and dynamical structure of the atmosphere appeared way back in the 1960s, but it has been seriously realized only in the 1980s that such a problem should be studied more rigorously. The realization of global change signals in the upper part of the atmosphere (above the stratopause) is still a recent issue. At the end of the 1980s it became obvious that systematic variations of lower atmospheric properties should be manifested in the behavior of parameters of higher atmospheric  layers, the mesosphere and thermosphere. There are not many routine measurements in the mesosphere, as they are considered to be of no value in operational weather forecasting. There are several groups, which initiated investigation of the temperature of mesosphere and thermosphere but with different aims and objectives. However, during the last decade, there has been an ever-growing impetus for temperature trend investigations in this region using existing techniques after it has been established that the secular increases in greenhouse gases at the ground would have a substantial impact on radiative -chemical -dynamical equilibrium of the middle atmosphere.

The mesospheric region is gradually becoming important to the climate change debate because the magnitude of change predicted for this region is expected to occur sooner and be of larger magnitude than at tropospheric altitudes. This conclusion itself is debatable, as the models, which predict these changes need an accurate handle on the relative importance of contributing factors. However, the interplay of energy inputs and radiative outputs of the mesospheric region is the key to understanding the processes, which induce temperature changes in this region. 

The assessment of variations in stratospheric temperatures can be found in the WMO (World Meteorological Organization) ozone reports (WMO, 1995). In addition, the SPARC program (Stratospheric Processes And Their Role in Climate), a project of WCRP (World Climate Research Program), has established a Stratospheric Temperature Trends Assessment (STTA) group that has brought together and critically reviewed all available data sets (WMO, 1999). A comprehensive review of stratospheric temperature trends has been published this year by Ramaswamy et al. (2001). The analysis of systematic changes in temperature in the mesosphere and thermosphere has not been as comprehensive. The availability of limited data sets for this region and the shorter length of data records have been the major constraints for mesospheric trend analysis. Nevertheless, during the past decade, a number of studies were carried out and have reported possible long-term trends in mesospheric temperatures. Most of these studies have attributed these trends due to anthropogenic forcing from the ground.

A brief review of these data sets is included in Beig (2000a, and references therein) contained in the first volume of a two volume summary of the LT-ACT’99 Workshop (Beig, 2000b). Danilov (1997, 1998) has Published reviews of long term trends in ionospheric parameters, including temperature trends. There are diverse views prevailing about trends in this region. Results reported so far indicate strong cooling to moderate heating trends for this region. The majority of results reported in recent time have shown negative trends in mesospheric temperatures during the past few decades. A series of papers by Keckhut et al. (1999, 2001 and references therein) have clearly indicated strong to moderate cooling in the mesosphere for mid- and low latitudes based on LIDAR- and rocketsonde data. Golitsyn et al. (1996) combined results from a group of Russian, Georgian and many other mid-latitude observation sites (43(N-54(N) over the past four decades around the mesopause region (80-95 km) using hydroxyl airglow centered around 87 km and rocketsonde data and have reported a strong negative trend.   The initial results of Clancy and Rusch (1989) indicated two extreme ranges of heating and cooling in the mesosphere. These results are not significant for decadal time scales as their.analysis was based on only 5 years of data, which is far too short a length for trend analysis. Offermann et al (1996) have observed an increase in the mesopause temperature. Several authors (Taubenheim et al, 1990, 1997; Bremer, 1992, 1998; Gadsden, 1990, 1997, 1998; Serafimov and Serafimova, 1992) have reported a possible cooling in the ionosphere based on an analysis of the long-term database of ionospheric observations. These ionospheric data infer a negative trend for this region. The results of Taubenheim et al. (1990; 1997; 1998), which indicates a negative trend, are interpreted as due to lowering of a pressure height but assume that the concentration of nitric oxide (NO) in the mesosphere was constant during the past 30 years. This assumption may not be valid (Beig, 2000a).  Lastovicka (1994) has inferred long-term trends in planetary wave activity from radio wave absorption data. Planetary wave activity could be closely related to trends in temperature and atmospheric composition that may be correlated with a possible cooling signal. Recent results of Burns et al. (2002 for high latitudes obtained by hydroxyl airglow technique do not report any discernable trend near the mesopause region. Results reported by Lübken (2000a,b) for the mesospheric temperature using the rocket-grenade technique do not report any discernable trend. An up-to-date bibliography on mesospheric and upper atmospheric temperature results is given in this report. A detailed analysis of all these results indicates that trends may vary with latitude. This requires further study, and is addressed further in this report. A pre-requisite for such a study is detailed knowledge of the variations due to natural sources (WMO, 1995, 1999). Natural variations arising on decadal and longer time scales may also play a significant role in long-term trend calculations. One of the major sources for decadal natural variations in the atmosphere is the 11-year solar activity cycle (Brasseur and Solomon, 1986). The electromagnetic flux emitted by the sun varies most extensively at shorter (UV) wavelengths, and on a range of time scales (Donnelly, 1991). There are several theoretical (Brasseur, 1993; Wuebbles et al, 1991) and experimental studies (Hood et al., 1991; Hood, 1997) on solar flux variations to suggest that periodic changes during the 11-year solar cycle should affect the chemical composition and thermal structure of the middle atmosphere. Solar activity variation influencing temperature is found to be more prominent for higher altitudes as compared to lower heights. However, there is a well-known discrepancy between theoretical and observed variations due to solar variability.

Individual groups reported the results mentioned above and no attempt was made to synthesize these results or discuss rigorously the status of mesospheric temperature trends in an organized forum until recently. The main reason was that  reported results were so diverse and inconsistent among themselves. In 1998, an international workshop on cooling and sinking of the middle atmosphere was held which was probably the first collective effort to bring together some results on middle atmospheric temperature trends. The final recommendation of this workshop documented some interesting findings (Golitsyn, 1998). In 1999, the first international workshop on "Long-term Changes and Trends in the Atmosphere (LT-ACT'99)" was held at Pune, India. This workshop considered the issue of mesospheric temperature trend in detail and a good deal of discussions and deliberations were made on this problem. As an aftermath of LT-ACT'99, this debate on global change signals in the upper part of the atmosphere has intensified and found coverage in the popular press (Pearce, 1999) and electronics media.  Pearce (1999) has reported in "New Scientist" magazine that it was a widespread concern at the Pune meeting that not enough is known about how changes in the upper atmosphere might affect the planet's inhabited zones. It further stated that the monitoring of  changes in the upper atmosphere, especially temperature changes should be the number one priority in the future. The recommendations of LT-ACT'99 workshop (Beig, SPARC-Report, 1999) were very specific and stated- "Long term trend analysis in the middle atmosphere is difficult and needs scientific Assessment Groups involving WCRP, IUGG and SCOSTEP. It is strongly felt that the group of LT-ACT'99 would be competent to tackle such a joint trend analysis….". It further suggested some parameters where assessment groups should be formed immediately. Mesospheric temperature trend assessment was one of the major recommended studies. Subsequently, IAGA (International Association of Geomagnetism and Aeronomy) which is an association of IUGG has taken the initiative in forming a working group under the auspices of IAGA, ICMA and SCOSTEP (PSMOS). This group which is called "Long term trends in the mesosphere, thermosphere and ionosphere (LT-TIME)" was established in 1999. This working group has constituted the MTTA (Mesospheric Temperature Trend Assessment) panel with an objective to prepare a detailed assessment report on mesospheric temperature trends.  After mutual discussion, the MTTA panel has decided to fulfil the task in two steps. It is felt that unlike in the lower part of the atmosphere even the status of temperature trends of the mesospheric region are not adequately spelled out. Hence, it has been decided that the first step of MTTA would be to prepare a position document to review all data sets and existing results on trends with the co-operation of all leading groups in this field. Additional intent was to assess similarities and differences in various data sets and to identify issues to be taken up as the next step of this assessment group which would include rigorous data analysis with a common statistical model. This would promote rigorous data collection, reanalysis and interpretation, which sound obvious. This report is an effort to meet the first task of the MTTA panel. The physical interpretation of results and model results are also included.

We briefly summarized in Chapter-I, the published literature available to date and the broad aspects of observed mesospheric temperature trends. After outlining the above mentioned brief objectives of this report, it is planned in chapter 2 of this report to discuss more details of existing data sets and trends already derived, including direct temperature measurements and indirect temperature indices. Possible uncertainties in various data sets and possible sources of error will be discussed in chapter 3. This will also include the statistical mention of procedures used by different workers, if available. Methods of filtering various periodicities due to natural effects and spurious signals resulting from tidal effects, instrument modifications, volcanic eruptions etc. are also considered. How far these factors are considered in trend estimates reported so far, is included in Chapter-3. Chapter- 4 is included to summarize results obtained by theoretical model simulations for this region. It also discusses the physical processes responsible for possible trends in this region. The conclusions, quantification of trends in various techniques and data as reported by different authors along with the similarities and differences in various data sets are discussed in Chapter-5. This chapter also includes possible scientific explanations in support of existing temperature trend estimates as reported by various authors.  Finally, the recommendations and identification of potential issues along with factors which should be considered for detailed assessment to narrow down the uncertainties are discussed in Chapter-6. Resolving these issues will be the starting point for the detailed assessment work and final documentation of the MTTA panel.

           Table I (a) : Experimental Groups for Mesospheric Temperature Data
	Sr.

No.
	Country
	Contributing authors


	Field of expertise

	1. 
	Argentina
	Reisin and Scheer
	 OH and O2 rotational temperatures 

	2. 
	Australia
	Burns and French
	OH-airglow rotational temperature

	3. 
	Brazil
	Clemesha
	Sodium layer data

	4. 
	Canada
	Mariana Shepherd
	WINDII mesospheric Temperature data

	5. 
	Canada
	Lowe
	OH-airglow and atomic oxygen line

	6. 
	France 
	Keckhut
	French Lidar and Rocket data

	7. 
	Germany
	Lübken
	Falling sphere and cone measurements

	8. 
	Germany
	Offermann
	OH-rotational temperature

	9. 
	Germany
	Bremer
	Ionosonde and Ionospheric reflection height data

	10. 
	Germany
	Taubenheim
	Low frequency phase height

	11. 
	India
	Beig and Fadnavis
	Rocketsonde data

	12. 
	Norway
	Deehr and Sigernes
	Rotational temperature of the OH-airglow

	13. 
	Russia
	Semenov
	OH-rotational temperature

	14. 
	Russia
	Golitsyn and Kokin
	Rocketsonde data

	15. 
	Sweden
	Stegman and Espy
	Hydroxyl rotational temperature using (3,1) Meinel Band

	16. 
	UK
	Gadsden
	Noctilucent cloud frequency

	17. 
	USA
	Burton
	SAGE-II data

	18. 
	USA
	She
	Sodium lidar data

	19. 
	USA
	Remsberg
	Satellite UARS-HALOE- SR & SS data

	20. 
	USA
	Clancy and Rusch 
	SME, UV-Limb Sounding

	21. 
	Ireland
	Mulligan
	OH-emission airglow

	22. 
	Bulgaria
	Nestorov 
	A3 radio wave absorption data 

	23. 
	USA
	Dunkerton & Baldwin
	Historical rocketsonde data

	24. 
	USA
	Angell
	Rocketsonde data
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CHAPTER 2

(A) Lower and Middle Mesospheric Trends

Observational results reported so far on temperature trends at lower and middle mesospheric altitudes are tabulated in Table-II with complete details. 

Rocketsonde

A large set of temperature data is provided by rocketsondes operated in the past. Rocket-borne temperature sensors have been used to monitor the lower and mid- mesosphere onboard rocketsondes launched in the framework of intensive Russian and US programs. These programs (mainly during the seventies and eighties) covered launch sites spread all over the globe. However only a limited number of sites provided temperature profiles throughout the mesosphere. Funding for these programs was drastically cut and operation nearly stopped for most locations by the end of the eighties. Precision studies show that rocketsonde thermistors are repeatable to within 1K up to 53 km, with an increase to about 3.8K at 65 km and 7.5K at 70 km (Schmidlin, 1981). The longest data series are found mainly in tropical and subtropical zones, except for a few sites at mid-latitude such as Wallops Island. The former - USSR provides a smaller network. Nevertheless longer Russian data series can be found at high, mid-and low latitudes. The tropical site in India at Thumba (8°N), was operated cooperatively by Russia and India. A larger data set is from a site operated by Japan, for decades. However, in the later case, the maximum altitude at which rockets could collect data was only 60 km.

 The first analysis of US rocketsonde data (Angell, 1987) revealed a mean cooling of 2.5K per decade in the lower mesosphere. However, a 2-3K temperature drop, observed in the early 1970s (Johnson and Gelman, 1985), coincides with a change in the principal observing system from the Arcasonde to the Datasonde system. This decline in observed trend over North America, although never really proven to be due to instrumental change, was thought to explain the early discrepancy with the radiosonde data. Since the 1980’s, the same payload and sensor have been used. Later studies were based on a reduced time interval for the data sets (Angell, 1987) to avoid the potential effects of instrumental changes. In contrast, Dunkerton et al. (1998), collect all historical data to increase the length of the series. These new data sets are now archived in the SPARC database. Their analysis shows a clear signature of solar activity changes and reveals the need of using multiparametric analyses instead of a simple linear regression. However a variation of cooling rates between the sites ranging from 2.5 to 4.5K per decade are reported and may be artificial. Dunkerton et al. (1998) found a mean downward trend around the stratopause of 1.7 K/decade modulated by a solar cycle influence with an amplitude of 1.1 K.

Meteorological rocketsonde temperature measurements available at seven sites from the United States and the former USSR between the 1960’s, and the 1990’s are examined for changes and trends by Schmidlin (1991) using a basic linear regression. He found a different trend at each site and not necessarily always in the same direction varying between –2.4 to 1K/decade at 50 km. Even over tropical and subtropical sites the variation was large, from 0.2K/ decade at Thumba  (9°N) to -1K/decade at Cape Canaveral (28°N). At Volgograd (49°N), a cooling of 2.4K/decade, while in the polar regions a warming of 1K/decade over Antarctica at Molodezhnaja (68°N) and a near zero trend in the Arctic above Heiss Island (81°N) are found. Keckhut et al. (1999) found a smaller dispersion of the trend results after taking into account instrumental changes and tidal effects. Annual trend results from six locations in tropical and subtropical regions have been averaged as their differences are smaller than individual statistical uncertainties. Keckhut et al. (1999) found a cooling trend of 1.1±0.6K /decade at 30 km which increases with height to 1.7±0.7K/decade at 40-50 km and reaches a maximum cooling of 3.3±0.9K/decade at 60 km. In the upper mesosphere, only 3 subtropical rocketsonde stations provide sufficiently long data sets to compute trends as reported by Keckhut et al. (1999). The cooling is around 2K/decade at upper mesospheric heights but is found to be not significant. 

Data on the temperature of the stratosphere and mesosphere were obtained from weekly launches of the Soviet meteorological rocket M-100. The most important modification of the equipment, which resulted in a marked change of the temperature data, was made in 1977-1978. Identical multi-regression analyses of Russian rocket data including simultaneous solar and trend estimates, reveal a cooling of the order 1.5-2K per decade at 50 km which increases with height (Kokin et al., 1990; Kokin and Lysenko, 1994; Beig and Mitra, 1997). Sites located at mid- latitude (Volgograd 48.7°N and Balkhash 46.8°N) show a negative trend of 3K per decade at 50 km but a larger mean mesospheric cooling trend of 7K per decade (55-75 km). At high latitude, it increases from 5K per decade at 60 km up to around 10K per decade at 75 km. The correction applied to the rocket data was changed several times during the 25 years of operation and may explain some of the large trend values observed in the upper mesosphere.

The series of Rocketsonde and Radiosonde data collected over the equatorial station Thumba (8(N, 76(E), India, extending for about two solar cycles period (1971-1993) were revisited by Beig and Fadnavis (2001). This is one of a few long sets of records available from equatorial stations. These data were analyzed using two independent, and modern regression models, which are based on multiple function regression theory and also takes account of successive instrument modifications and tidal effects. Results of both balloon and rocket data analysis indicate a cooling of the order of 1K /decade in the lower stratosphere which agrees well with low- latitude data by other workers. A good inter-comparison of balloon and rocket data in their analysis indicates the consistency and robustness of their analysis. A negative trend of 2 to 3K/decade in the lower mesosphere and a rise in cooling up to 5.6K/decade at 70 km has been observed. The two sigma standard error with 95% confidence is found to range from ±0.5K /decade in the lower stratosphere to ±1.3K /decade by middle mesosphere.  A decrease of trend near the stratopause is noticed in an annual trend analysis. However, on seasonal scales, the trend structure shows slightly stronger cooling in winter as compared to summer. 

The Ryori site (39°N) also provides a long temperature data series with regular rocket soundings. A previous analysis was made with data extending up to 1989 (Komuro, 1989) using a simple linear regression analysis. The maximum rocket apogee was around 60 km, limiting measurements to the lower mesosphere which is lower than the range of US and Soviet vehicles. An updated study was done recently, with data extending to 1995 and using a multi-function regression analysis. A significant cooling of 2.5 ±1.1K/decade is computed in the lower mesosphere (Keckhut and Kodera, 1999).

Rocket Grenade and Falling Sphere

Lübken (2000a,b) used several subsets to estimate the summer temperature trend at a high latitude. Rocket grenade sites data were collected from two launch sites, Kronogard at 66°N (6 profiles) and Point Barrow at 71°N (15 profiles). Temperature from the troposphere up to the mesosphere is obtained with the rocket grenade technique by measuring the speed of sound (Stroud et al., 1960). Temperature uncertainties were reported to be less than ±3 K below 75 km. The altitude resolution was 5-7 km. Temperature was also deduced from density profiles derived from 69 falling spheres (Schmidlin, 1991) launched in summer since 1987 at Andoya Rocket Range (69°N). The uncertainty of the temperature data is typically 7, 3, and 1.5 K at 90, 80 and 70 km altitude, respectively. The mean summer trend as reported b Lübken  (2000a,b) is small –(0.24K/decade ± 0.14 which is close to zero). However, this study is based on a quite small amount of data with two different techniques.

Rayleigh Lidar

A more recent alternative method for probing the middle atmosphere from the ground is the Rayleigh lidar technique. Temperature profiles from 30 to 75-80 km have been obtained since 1979 at the Observatoire de Haute Provence in southern of France (44°N). Successive analyses of these data reveal, in addition to a clear solar signature, an effect of the volcanic aerosol injected into the lower stratosphere after the major volcanic eruption of Mount Pinatubo in 1991. This is not due directly to a radiative effect but seems to be due to change in vertical stability and its effect on planetary waves propagation (Rind et al., 1990). The latest annual trend estimate shows cooling of 2K/decade in the lower mesosphere increasing with altitude to a significant trend of 3K/decade at 65 km. A smaller value in the upper mesosphere of 2K/decade with a possible warming around 80 km is observed, but with large uncertainties in this altitude range. As in the case of mid-latitude rocketsonde measurements, a seasonal difference of the trend is observed. However this result has poor confidence for the winter trend due to the limited amount of data and atmospheric variability. Since this technique is well adapted for providing long series, an increasing number of lidars will provide complementary series in coming years, in the framework of the NDSC. Also in the framework of many other scientific programs dedicated to the long - term survey of the mesosphere, other lidars are in operation.

Satellites

Aikin et al. (1991) investigate trends at 44°N in the lower mesosphere using 10 years of data (1980-90) from the SSU instrument channel 47X (Nash and Forester, 1989) onboard the TIROS meteorological satellite. They found a cooling of 3.5±0.3 K/decade, which applies to the 30-50 km height region. The other data set used in this study was OHP lidar data at the same height, and the same period, but showing a smaller cooling of 2.5±1K/decade.

Global observations of ultraviolet limb radiance from the Solar Mesosphere Explorer (SME) have been analyzed by Clancy and Rusch (1989) to obtained atmospheric temperature profiles over the altitude range 58-90 km and over the 1982-1986 period. These observations suggest a heating trend of 5-15K/decade at 65-80 km. However the 5-year interval of SME observations is too small to allow a clear connection of these trends with the solar cycle or longer periods. In addition to this, there are several other uncertainties associated with this data series, which are described in the next chapter.

The Stratospheric Aerosol and Gas Experiment (SAGE II) is an orbiting, solar- occultation, multi-channel photometer. It has been in operation since October 1984 and it offers a nearly global coverage ranging from 75°S to 75°N (Burton and Thomason, 2001). The attenuation of solar transmission is measured in seven wavelength channels as the apparent path to the sun descends or ascends through the atmosphere. The transmission data are calibrated using

the extra-atmospheric data for that event, giving the solar occultation technique the advantage of automatic self-calibration.  Rayleigh extinction is derived between 40 km and 65 km, leading to density profiles having a vertical resolution of 5 km.  From 1984 to 2000, the preliminary derived trend in density is around -1%/decade in nearly all latitude bands for the altitude range from 50 to 60 km (Burton and Thomason, 2001).  A new version of the density data has been included in the newly released v6.10 SAGE II data set.  An improved trend analysis of the new data is currently underway, but no results are yet available. 

The HALOE experiment aboard UARS has provided, atmospheric temperature profiles from about 35 to 86 km since October 1991 using a similar technique of solar occultation by the Earth’s limb in the 2.8 micrometer CO2 band. A long-term increase of the CO2 mixing ratio consistent with its rate of increase in the troposphere has been accounted in the HALOE retrieval algorithm. The measured characteristics of the HALOE instrument indicate no degradation that would affect its long-term trends. Retrieved temperature profiles reported by Remsberg et al. (2002) contain extrapolations to altitudes below 35 km using the NCEP dataset and above 86 km using an MSIS climatology. The entire data set is based on the new (Version 19) algorithm. Zonally-averaged temperatures time series at 12 pressure levels from 5 mb to 0.01 mb were analyzed within 10-degree wide latitude zones from 40ºN to 40ºS using multiple linear regression (MLR) technique. Results for low latitudes were derived from a 30-degree wide latitude zone centered at the Equator. Only those terms that are 95% significant have been retained in the final MLR models. Remsberg et al. (2002) analyzed for seasonal (annual and semi-annual), interannual, solar cycle, and linear terms. An in-phase, solar cycle (SC) term is present in the data for the upper stratosphere. In the upper mesosphere the SC temperature maximum occurs 1-3 years after the maximum in solar activity. The HALOE data also indicate a significant long-term cooling trend of 1.0 to 1.6 K per decade at 1 mb in the tropics and at 0.2 and 0.3 mb at 20N.   Weaker and less significant cooling trends were found in the upper stratosphere for some of the other latitudes.  These data were not analyzed for a seasonal or monthly trend because the occultation sampling was not frequent enough at each latitude zone.

The WINDII experiment is also able to provide good temperature profiles (Shepherd et al., 2001) by the same technique used by Clancy and Rusch (1989). The Wind Imaging Interferometer (WINDII) aboard the Upper Atmosphere Research Satellite (UARS) provides mesospheric temperatures in the altitude range of 65 to 90 km altitude (Shepherd et al., 2001). Retrieved temperatures are derived from Rayleigh scattered sunlight observed in a wavelength band centered at 553 nm. Integrated line-of-sight radiance observations are inverted to tangent height volume scat​tering profiles, which are proportional to atmospheric density. From these, absolute tempera​ture profiles are calculated using a technique derived from established Rayleigh lidar retrieval methods assuming that the atmosphere is in hydrostatic equilibrium and that it obeys the ideal gas law. Sources of error have been identified and typical temperature uncertainty values for individual profiles are determined to be < 2.5%, 5.5%, and 13% for altitudes of 70 km, 80 km, and 90 km, respectively. A thorough comparison of the derived WINDII temperatures is per​formed against a number of ground-based and satellite measurements, including ground-based lidar, falling spheres, the High Resolution Doppler Imager observations aboard UARS, and against common atmospheric models. The data consist of spring equinox observations in March and April 1992/1993, summer solstice data in July/August 1992/1993, fall equinox data in September/October 1992, and winter solstice data in December 1992/1993 and January 1993/1994. The results of the comparisons show that WINDII temperatures are in reasonable to excellent agreement with a number of established temperature studies. In particular, July Northern Hemisphere monthly averaged temperatures show that characteristics of the meso​pause obtained by WINDII are in very good agreement with other measurements. This good agreement with other established data sets and a determination of the error bounds of our recovered temperatures have shown that WINDII data can be used to confidently derive near-global temperatures of the upper mesosphere between 65 and 90 km. Above 90 km the errors increase, and systematic differences may arise with other measurements. However no trend estimates have been computed with these new data so far.

Figure 2.1 shows the temperature trends reported until 1990 (Kokin et al., 1990) and it provides a good overview of latitudinal variation in vertical trend structure of the middle atmosphere. These results were obtained mainly from identical temperature sensors (without  any 
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Figure 2.1 : Status up to 1990: Temperature trend estimates derived from  USSR rocket data series for very different locations - Kokin et al. (1990)

modifications) used in rocketsondes and provide a unique set of records for low, mid and high-latitudes. Analysis is based on the statistical treatment available during that period (Kokin et al., 1990) where several uncertainty factors may not have been adequately account for.

Figure 2.2 shows an overview of temperature trends averaged over six rocket sites for tropical and sub-tropical latitudes, as discussed above and explained in detail by Keckhut et al. (1999). Although the trend from one station to another station may vary, it provides a clear picture for the tropics. 
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Figure 2.2 : Recent Status for tropical and sub-tropical latitudes: Temperature trend obtained from an average of six rocket sites from 9°S to 34°N (upper altitudes are an average over 3 sites only, as stated) (from Keckhut et al., 1999). 
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Figure 2.3 shows the temperature trend structure for the high latitude polar region as obtained by the falling sphere and rocket grenade techniques. These results are based on 10 years of falling spheres records combined with data collected in the mid 60s by grenade. There appears to be almost zero trend in this figure, as discussed above.

Figure 2.3: High Latitude: Difference of individual rocket grenade temperatures (dots) to the FS (falling sphere) derived weekly mean temperature closest in season. The solid line is a running mean over 5 data points. The dotted line shows where we would expect the grenade temperature if there were temperature trends at high latitudes similar to those observed by LIDAR at mid-latitudes by Keckhut et al. (1995) [From Lübken, 2000a].

Figure 2.4 shows the version 6.00 SAGE-II satellite results based on the 1984-2000 records.  The data and trend analysis discussed here are preliminary but give a global picture.  The results are shown for 50 km to 60 km for 20 degree latitude bands centered at 40 S, 20 S, the equator, 20 N, and 40 N.  The results are shown on a 0.5 km grid, but the density profiles undergo 5 km vertical smoothing before the time series analysis.  Each time series is fit using a non-linear least squares routine.  The fit includes terms for a constant, linear trend, and periodic annual, biennial and semi-annual cycles.  Both even and odd parts are allowed in the periodic terms, equivalent to solving for both amplitude and phase.
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Figure 2.4 : Satellite Results: Density trends estimated from SAGE II data (Burton & Thomson, 2001, personal communication).

Table-II. Temperature Trends in the Lower and Mid-Mesosphere Region
	Reference
	Technique
	Years of     Analysis


	Latitude and Height
	Trend in Temperature



	Angell  [1991]
	rocketsonde data
	1973-1985
	 8(S -55(N,

50-55 km
	-2.5K/decade

	Dunkerton et al. [1998]
	historical rocketsonde
	1962-1991
	8.6(S - 37.5(N

50-60 km
	-2.5 to -4.5K/decade

	Beig and Fadnavis (2001)

(This Report)
	rocketsonde data
	1970-1992
	8(N, 78(E

50 km

60 km

70 km
	-1.5K/decade 

-3K/decade 

-5.6K/decade

	Beig and Mitra

  [1997]
	Rocketesonde and Radiosonde


	1970-1990
	8(N, 78(E

 50 km
	 -2.0K/decade

	Keckhut et al., 1999] 
	(b) rocketsonde data


	1969-1995
	 (8(S to 34(N) and 

(14(W to 167(W)

60 km

75 km
	-3.3(0.9K/decade

-2K/decade (only subtropics)

	Kokin and Lysenko

  [1994]
	M-100 rocketsonde and

    Radiosondes  data 
	1964 (1973) –1990
	(49 (N, 44(E) and 

(8(N, 79(E) 

70 km
	-6K/decade (49 (N)

-4.5K/decade (8(N)

	Lysenko [1998]


	rocket soundings
	1964-1995
	midlatitude and high latitude 

 50-75 km
	-1 to -1.15K/decade (global)

- 6.5K/decade (mid- and high latitude)

	Kokin et al [1990]
	rocketsonde data
	1964 (1971)  -1989
	midlatitude and high latitude

 50-80 km
	-3 to -10K/decade

	Semenov (2000) 

and 

Semenov (2002) 
	(a) rocketsonde data
	1964-1995


	47-49(N to 44-75(E

50-60 km

70 km
	-2K/decade ((1.0K) 

-8K/decade ((1.17K)

	Schmidlin ( 1991)
	rocketsonde data
	1987-1991
	69(N, 70-90 km
	-0.24K /decade

	Komuro (1989) ;

Keckhut and Kodera (1999)
	rocketsonde data
	1970-1989

1970-1995
	39°N, 20-55 km
	-2.5±1.1K/decade

	Lübken (2000a,b)
	rocket grenade and falling sphere
	1987-2000
	69(N, 10(E

50-85 km
	-.24(0.14K/decade (summer)

	Aikin et al. [1991]
	SSU channel satellites data and French lidar data
	1980-1990


	44(N, 6(E

55 km
	- 1.5 to -2K/decade

	Keckhut et al. [1995] 
	lidar measurements
	1979-1991
	44(N, 6(E  and  47(N 

55 -75 km
	> -4(K/decade

	Hauchecorne et al.

  [1991]
	lidar data
	1978-1989
	44(N, 6(E

60-70 km
	-4K/decade

	Keckhut et al. (1999) and 

This Report (2001)
	(a) rayleigh Lidar 


	1979-2001


	44(N, 6(E 

65 km

75 km
	-3K/decade

-2K/decade

	(a) Clancy and Rusch   [1989] and Clancy et al. (1994)
	SME UV-limb scattering


	1982-1986


	low and midlatitude

70-80 km
	10-15K/decade



	Burton and Thomason (2001) (This Report) 
	SAGE-II


	1984-2001
	75(N – 75(S, Global

50-60 km
	 -1% /decade

	Remsberg et al.   (2002) and 

This Report (2001)
	UARS -HALOE -SR and SS
	1991-2001
	Tropics

Mesosphere
	-1.0 to –1.6K/decade



(B) Trends in the Mesopause Region (80-100 km)

This region is characterized by a dominance of dynamical control of temperature, which is in contrast with the lower region where solar heating (through ozone heating) is the main forcing. Measurement records of temperature at the mesopause level using direct and indirect estimates, reported in the literature, are probably more numerous than that from the lower or middle part of the mesosphere. However, the range of techniques used for these regions are limited when compared with the lower region. Moreover, the upper mesosphere is the region where the maximum number of contradictory results have been reported during the last decade. Table III summarizes the available details about reported temperature trends, measurement procedures, length of data series, latitude and altitudes, obtained during the past few decades in the vicinity of the mesopause region. Most of the decadal temperature trends of this table are plotted in the bar diagram shown in Figure 2.5 for different heights with with latitudes and the original references. This figure is an update of the original recently published in Beig (2000a,b). The salient features of this diagram will be described while discussing individual results later in this chapter.[image: image2.emf]0
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Figure 2.5 : Bar diagram showing the temperature trends per decade in the mesopause region, as reported to-date and obtained by different experimental groups all over the globe

(i)    Direct Measurements

The most widely-used technique to measure the mesopause temperature on regular basis has been hydroxyl (OH) airglow rotational temperature. In the upper mesosphere the following reaction of atomic hydrogen with ozone provides excited hydroxyl molecule:

H + O3  ( OH* + O2* (3.32 eV)

This radiative decay of OH* results in hydroxyl emissions in the red part of the visible spectrum and in the near infrared (Meinel, 1950). The rotational temperature of the OH* (3,1) band is near the kinetic temperature of the atmosphere (She and Lowe, 1998) and can be derived in a fairly simple way during night from relative spectral intensities. Altitude profiles of the OH* airglow emission obtained by rocket-borne photometers and satellite-borne instruments place the peak around 87 km, with a thickness of ~8 km (Baker and Stair, 1988). 

Most of the results obtained from satellite techniques for the upper mesosphere are described in the previous section. Clancy and Rusch (1989) and Clancy et al. (1994) present a five-year (1982-1986) morphology of mesosphere temperatures derived from altitude variations of the ultraviolet limb radiance measured by the Solar Mesosphere Explorer (SME) satellite. They present monthly averages at 10o latitude and ~4 km altitude resolution for the 1982 - 1986 interval. Clancy and Rusch (1989) determine an 11oK uncertainty for the monthly means at 90 km. The trend found by Clancy and Rusch (1989) indicates two extreme ranges. They found a cooling trend of 10- 20K/decade at 80-90 km. Their analysis was based on only 5 years of data, which is far too short, making it difficult to distinguish between variations caused by inter-annual variability, the solar cycle and long-term trends. 

The Russian Group (Semenov, 2000, 2001; Golitsyn et al., 2000 and references therein) combined the results from groups in Russia, Georgia, and many other mid latitude observation sites (43(N-54(N) over the past four decades around the mesopause region (80-95 km) using hydroxyl airglow centered around 87 km. These data were corrected for several effects such as solar cycle and latitude. Measurements were carried out at Abastumani (41.8°N, 42.8°E) and near Zvenigorod (55.7°N, 36.8°E) starting in 1957 with spectrographic equipment. Hydroxyl temperature measurements in Abastumani were carried out during 1957-1970 and at the Zvenigorod station during 1957 to 1995 with gaps from 1977 to 1983 and from 1987 to 1989. The rms error for the temperature, determined by this method is about 2 K. During different periods of observations various hydroxyl bands were used. Due to a systematic difference (few K) of the values of rotational temperatures for the bands formed at different vibrational levels (Semenov and Lysenko, 1996) all temperature data were reduced to the OH (5,2) band. Doppler widths of the green line (557.7 nm) airglow emission allows determination of the kinetic temperature centered on 97 km. Data applying to the 97 km height for the emission of 557.7 nm (greenline) were taken from Hernandez and Killeen (1988) who made interferometric measurements from 1965-1974 at the Fritz Peak Observatory (39.9°N, 105.5°W). Lidar measurements of temperature profiles made from 1991-1992 were reported by She et al. (1993) at Fort Collins CO (40.6°N, 105°W). These lidar temperatures have been averaged using oxygen emission rate profile centered near 97 km (McDade et al., 1986). In addition, the temperatures were estimated from intensities of the 557.7 nm emission (Starkov et al., 2000), since rate coefficient of the photochemical reaction of Barth’s mechanism for excitation of the 557.7 nm emission depends upon temperature. The rms error of the mean annual temperature is about (T~0.36 (I (%) and (T(4K for (I(10%. Analysis by a Russian group showed that in the mesosphere, the negative temperature trend increases sharply with altitude, reaching a maximum negative value  -11K/decade at 75-80 km, above that height the absolute value of the trend decreases appreciably. Near the mesopause, the trend passes into a region of positive values. In the winter period, for the middle and upper mesosphere, the increase of trend with altitude occurs more slowly from -0.7(K/yr at height of 60 km up to -0.9(K/year near 87 km. Between altitude of 82-93 km throught all seasons there is a transition zone, where the trend is practically equal to zero. In summer (June - July) its lower border falls to heights of 82-85 kms, an altitude at which noctilucent clouds are observed at latitudes greater than 55(. 
Recent results reported by a German group lead by Lübken (2000a,b) combined several data sets. Data from two rocket grenade sites, Kronogard at 66°N (6 profiles) and Point Barrow at 71°N (15 profiles), were analyzed. Also, there were 69 falling spheres launched in summers since 1987 at Andoya Rocket Range (69°N). The trend deduced by Lübken (2000a,b) is very small (-0.024 ± 0.014o K per year). This corresponds to the summer period for altitudes from 50 to 85 km. Earlier, Lübken et al. [1996a] reported no systematic change in temperatures at 82-83 km, but their analysis was for a fixed altitude and in a relatively small region in Scandinavia. During the entire observational period the temperature range was between 148 and 152oK with no tendency of systematic change with time. It should be emphasized that Lübken et al.  (1996a, 1996b) also  noted a stability of the noctilucent cloud occurrence height  (about 83 km) which did not vary from the moment of their first registration about 100 years ago.  Lübken et al. (1996a, 1996b) believe that this fact manifests a stability of the cloud formation conditions and puts significant limitations on possible thermal variations in the upper mesosphere due to anthropogenic factors.

Lowe (2001) reported OH temperature data during the period from 1990 to mid-2000. These results are from Delaware observatory (42.52N, 81.24W) in Canada obtained using Fourier transform spectroscopy of near infrared hydroxyl airglow (3-1 and 4-2) bands. Observation were made on an average of 50 nights per year. Calibration is done by hourly comparison with an internal standard lamp and an annual comparison on direct with a standard lamp. Trend detection is performed by linear regression after removal of a seasonal trend Lowe (2001) has reported the observed trend as +0.1(3.4oK/decade. Earlier, Lowe [1999] reanalyzed the data for 1990-1998, filtering out some additional effects compared to his earlier analysis [Lowe, 1998] for 43(N and 47(N latitudes. He found no significant trend, but the 95% confidence limit was too high to be definitive in this analysis. A combination of these results with the observed data obtained  by  the  same  technique  for   the   period   1965-1967   reveals   a   trend   of   +0.1K  (( 1.5K)/decade [Lowe, 1999]. Lowe [1998] had reported a cooling trend of about -3K/decade (at a 95% confidence level) by analyzing the same set of data for the period 1989-1998. 

Burns et al. (2002) reported the seasonal variation of hydroxyl rotational-temperatures above Davis, Antarctica (68.6oS, 78oE) from 1148 nightly means collected over seven years (1990 and 1995-2000). Measurements are limited by sunlight at this latitude to between day-of-year 49 and 296. Sharp temperature transitions, particularly in autumn (1.2K per day), bracket an extended winter maximum with a slow temperature decrease (-0.03K per day). Seasonal variability and absolute magnitudes are largely indistinguishable from measurements at comparable northern latitude (Lübken and von Zahn, 1991). The inter-annual variability they observe is consistent with a solar cycle variation of ~7 K, but the data series is too short to distinguish between solely a solar cycle variation and a combination of solar cycle and long-term trend.

Temperature trends from observations of rotational hydroxyl bands above Wuppertal (Germany) also provide reliable estimates. Bittner et al. (2000) have recently analyzed the data and reported an increasing temperate from 1982 to 89 and decreasing temperature from 1990 to 96.  These measurements were made with a grating spectrometer, giving much better stability than the tilting filter technique.  Bittner et al. (2000) also reported an increase of 0.8(K/ decade in the standard deviation of the residuals from the seasonal temperature trend above Wuppertal. The annual value of the standard deviation never exceeds 5.5K for the Wuppertal data. Recent estimates of Bittner et al. (2002), submitted for this report, based on the analysis of OH measurments during the period from 1980 to 1998 indicate no significant trend in either monthly or annual means. They recently reported a trend value of  +0.3 ((0.9) K/decade (Bittner et al., 2002) at the hydroxyl layer height.

Espy and Stegman (2001) have been measuring the temperature above Stockholm, Sweden (595(N, 18.2(E) since May 1991 using the hydroxyl rotational temperature (3,1) Meinel band. They have performed a harmonic analysis and report no measurable trend over the last decade, but noticed a weak positive trend in winter and no trend in summer. These results were reported earlier by Stegman and Espy (1998) and also presented recently at the Prague trend workshop (Espy and Stegman, 2001).
Mesopause region temperature and airglow intensity trends observed in Argentina were reported by Reisin and Scheer (2002). Trends are derived from mesopause region temperature and airglow measurements over a time span of 15 years from the high-altitude (2500m) site El Leoncito in Argentina (31.8º S, 69.2º W). As all the airglow observations reported here, the data are only nocturnal. Rotational temperatures of the OH (6-2) and O2 (0-1) airglow bands have been measured with the same tilting filter spectrometer since 1984 (Scheer 1987). The interference filter was changed in 1996 (new calibration; Scheer and Reisin 2000; 2001). Consistent data processing was applied for the complete data set.  At the (nominal) altitude of 87 km (that is, for the OH emission), the observed trend is -10.5 K/decade, with a statistical uncertainty (standard deviation) of +-0.8 K/decade. At the (nominal) altitude of 95 km (for the O2 emission), the observed trend is -0.3 K/decade. Here, the uncertainties are asymmetric, because of a possible solar cycle effect, (in contrast to the situation with OH) +1.1 K/decade or -2.1 K/decade. That is, the trend is consistent with zero. 

Sigernes et al.  (2002) are measuring the temperature from Adventdalen (78oN,15oE) near Longyearbyen, Svalbard, Norway using the OH airglow technique. Duration of the data set is from the winter of 1980/1981 to 2001. Night Time measurements at this high latitude site are only possible from November to February. A one meter focal length Ebert-Fastie spectrometer has been used for measuring the OH(6-2) (1983-2001) or the OH(8-3) (1980-1983) vibrational band. The average rotational temperature of the OH-airglow layer has been calculated from these vibrational bands. In general there are very large variations in the Svalbard OH-temperatures at time scales from minutes to months. The time series is very irregular from year to year, therefore it is very difficult to detect trends in this time series, and in winter polar mesospheric data sets in general Nielsen et al. (2001). However, Sigernes et al.  (2002) have recently found that average winter temperature in the OH layer at (82oN, 15oE)  has not changed significantly during the past 20 years of their measurements.

(ii)   Indirect Measurements

Temperatures can also be determined indirectly from the analysis of the atmospheric sodium emission. Long-term measurements of the centroid height  (1972-1987) of Sodium emission by lidar sounding in Brazil (23.2o S) are reported by Clemesha et al., 1992. Recently, Clemesha et al. ( 2001) have indicated that the centroid is around 92 km, but its long-term decrease in height, if related to an atmospheric cooling, will depend on the entire temperature structure of the atmosphere from the ground up to the height of the sodium layer. Clemesha et al. (2001, 1997) indicates a height change of about 370 meters per decade.  For a constant temperature trend from 20 km up, this would correspond to about -1.5K /decade. According to lidar measurements (States and Gardner, 1999), there is a significant correlation between the maximum sodium content in a layer and the temperature at its peak concentration. 

The data of long-term measurements of the intensity of the sodium emission (1957-1992) are reported by Russian Group led by Semenov (2000, 2001) for Abastumani (41.8o N). They calculated the correlation between intensity of sodium emission INa (Rayleigh) and temperature of an atmosphere at height about 92 km as follows-  
T(92km)  =  (185 ( 0.8) + (0.20 ( 0.01) INa, K

where the correlation coefficient is calculated as 0.952 ( 0.020. They have noted that the temperatures at height ~92 km obtained by this indirect method is in good conformity (~ 4 K) with those values, which were earlier reported by them using mean annual temperature profiles constructed by combining results of rocksondes, hydroxyl airglow and oxygen emission line techniques (Lysenko et al., 1999; Semenov, 2000) for the periods 1955-1995.
Gadsden (1998) reports an increase in Noctilucent cloud (~83 km) observations over North-West Europe. One hypotheses for this variation is a small gradual decrease amounting to 7K from 1964 to 1996 (Gadsden, 1990) in mesopause summer temperatures. Alternatively, an increase in water vapour concentrations stemming from anthropogenic increases in tropospheric methane (Thomas et al., 1989) may be partly responsible. Earlier, Gadsden  [1990, 1996] analyzed the occurrence frequency of noctilucent clouds as observed by a network of observers and discovered a systematic increase by approximately a factor of two from the middle of the mid-sixties to the present time. He found that the seasonal and altitudinal distribution of noctilucent cloud occurrence remains invariant and that this precludes explanation of the trend by changes of observing conditions. In 1992-1993 a significant decrease in the occurrence frequency the noctilucent clouds occurred. Whether or not this is due to the 1991 Pinatubo eruption is problematic (Thomas and Olivero, 2001). On the other hand Thomas and Olivero (2001) pointed  out that this decrease occurred at solar maximum when  noctilucent cloud activity is normally low.  It should be emphasized here that Luebken et al.  (1996a, 1996b)  noted a stability of the Noctilucent cloud occurrence height  (about 83 km) which did not vary from the moment of their first registration about 100 years ago.  Early estimates of Noctilucent cloud height were very approximate.  Only in recent years, with the detection of NLC by lidar have really accurate height measurements become possible.   

Several authors [Nestorov et al. 1991; Taubenheim et al., 1990, 1997, 1998; Bremer, 1992, 1998] have reported long term temperature trends in the ionospheric region based on analysis of the long-term database of radio wave propagation parameters. Observations of radio wave propagation at medium and low frequencies have been carried out at many European stations from the mid-sixties. Nestorov et al. [1991] analyzed radio wave absorption measured by the “A3” method during 1959-1986 for the mid-latitude mesospheric region. Using the relation between absorption and mesospheric temperature obtained previously, Nestorov et al. [1991] concluded that during this period the mesospheric temperature decreased by 5.2K a negative trend of 1.93K/decade.

To obtain atmospheric density trends at about 82 km altitude, Taubenheim and Entzian [1996] and Taubenheim et al. [1990, 1998] used observations of radio wave reflection heights at a frequency of 164 kHz in Kuelungsborn (Germany) from 1963 to 1995 a total of 33 years. To avoid distortion of the results due to the winter anomaly only the summer data were considered. Systematic variations of the reflection heights were found. They reported a cooling of 6(K per decade in the column-mean temperature between the stratopause and 82-km. Ionosonde observations have been carried out since 1957 to 1995 at Juliusruh (55(N, 13(E) since 1959 at Dourbes (50(N, 5(E) since 1948 at Freiburg (48(N, 8(E) and at Rome (42(N, 12(E) since 1957 as reported by Bremer (2001) for this report.  A negative trend of 0.9 to 2.2(K per decade was found. Analysis is done using a multiple regression procedure including solar radio flux and geomagnetic activity index. Earlier, Bremer [1992, 1996] obtained negative trends of temperature in the upper mesosphere at 51(N 

Table-III. Temperature Trends in the Mesopause Region

	(i)   Direct measurements



	Reference
	Technique       
	Years of     Analysis   


	Latitude and Height
	Temperature Trend



	Lübken (2000a,b)
	rocket grenade and falling sphere
	1987-2000
	69(N, 10(E

50-85 km
	-0.24(0.14(K/decade (summer)

	Lübken et al.  [1996a] 
	falling sphere by rocket 
	1962-1995
	69( N, 10(E

82 – 83 km
	no change

	Schmidlin ( 1991)
	rocketsonde data
	1987-1991
	69(N, 10(E  

70-90 km
	-0.24(K /decade

	Semenov (2000) and This Report (2001)
	hydroxyl rotational temperature and rocketsonde
	1957-76, 1984-1986, 1990-95
	41.8(N, 43(E  and 55.7(N, 37(E

75-80 km

85-90 km  

87 km
	-11(K/decade (summer)

+0.3(K/decade (summer) 

-9(K/decade (winter)

(2 sigma error:  (1K)

	Burns et al. (2002) and 

This report (2001)
	hydroxyl airglow rotational temperature
	1990, 

1995-2000
	69(S, 78(E

Mesopause 
	No discernible trend 

	Bittner et al. (2002) 
	hydroxyl rotational temperature
	1980-1998
	51.3(N, 7(E

Mesopause
	+0.3 ((0.9) (K/decade 

	(a) Lowe [1998]

(b) Lowe [1999]

(c) Lowe [2001]

(This Report)
	hydroxyl  emission band
	1990-1998

1989-1998

1989-2000
	43(N, 81(W

Mesopause
	-3(K/decade (Lowe, 1998)

-0.1(K/decade (( 1.5(K)  (Lowe, 1999)

+0.1(K/decade (( 2.4(K)

	Semenov [1996, 1998] and  Golitsyn et al. [1996,   1999]
	hydroxyl emission and   atomic  oxygen line in 557.7 nm  data
	1948-1995

1923-1995
	(42-56(N), (37-43(E)

87 km

97 km
	-7(K/decade

-1(K/decade

	Mulligan et al. [1995]
	hydroxyl emission airglow data
	1990-1993
	53(N, 6.4(W

87 km
	no trend

	Keckhut et al.(1999) 
	(a) Rayleigh Lidar 


	1979-2001
	44(N, 6(E

Upper mesosphere
	-2(K/decade

	Remsberg, Bhatt, Deaver and Russell III (2002) 
	UARS –HALOE -SR and SS
	1991-2001
	Global

Mesopause
	no trend

	Espy and Stegman   (2001)

(This report)
	hydroxyl rotational temperature
	1991-2001
	59.5(N,  18(E

Mesopause
	Weak Positive  ((1.72K) /decade (Winter)

No trend (Summer)

	Reisin and Scheer (2002) and 

(This report)
	hydroxyl and O2 rotational temperatures  
	15 years

(1986-2000)
	31.8(S, 697(W

Mesopause

95 km
	-10.5 ((0.8) (K/decade 

-0.3 ((1.5) (K/decade 

	Sigernes  et al. (2002) &   

(This report)
	hydroxyl rotational temperature
	1981-2001
	78(N, 15(E

Mesopause
	+0.3 ((0.5) (K/decade   (Winter)

	(ii)    Indirect Measurements:



	Reference
	Technique       
	Years of     Analysis   


	Latitude and Height
	Temperature Trend 



	Clemesha et al. (1992, 1997, 2002) 
	centroid height of sodium  emission 
	1972-1987
	23(S, 45(W 

20-92 km


	-1.5(K/decade

	Semenov (2000) and this Report (2001)
	Intensity of the sodium emission
	1957-1992 
	41.8(N, 43(E 

92 km
	No trend (winter)

	Bremer   [1997]

and

Bremer (2001)

(This report)
	Ionospheric reflection height data  
	1964-1995


	51(N, 7(E

 80 km 


	-0.9 to – 2.2( K/decade



	Taubenheim  et al.

   [1997, 1998]
	low frequency radio signal  reflection height data
	1961-1997
	51(N, 13(E

50 - 80 km
	-6(K/decade 

   (Summer)

	Taubenheim et al. [1990]
	low frequency phase heights
	30 years
	51(N, 13(E 

80 km
	-1.4(K/decade

(Summer)

	Nestorov et al.  [1991]
	A-3 radio wave absorption

  Data
	1959-1986
	45(N

mesosphere
	-1.93(K/decade

	(a) Gadsden [1990]  

(b) Gadsden [1997, 1998]
	occurrence of the frequency of noctilucent clouds  
	1964-1982 and 

1964-1995
	 (54-58(N) and 

(20(E-11(W)

 82 km
	-2.5(K/decade 

cooling


CHAPTER 3

Uncertainties and Factors of Error (Measurement Techniques, Data Analysis Method and Data Details)

                                                         CHAPTER 3


The observational data records available for mesospheric temperature trend estimations are limited and diverse. Several observational programs for temperature data were initiated to study the role of QBO (Quasi-Biennial Oscillation) or other dynamical phenomena. Hence some of the data sets are not continuous or have several gaps. Also the space time sampling was not uniform. The different time of measurement may introduce tidal effects when inferring the linear trend estimates, especially for tropical region. Most instruments were modified from time to time as technology improved. This may not affect shorter-time analysis when data from the same instrumentation were used but may introduce considerable uncertainties in longer time series analysis when data from different instrument versions are combined. In addition to this, episodic variations like volcanic activities or solar proton event etc. are also likely to introduce error if not properly removed. The above mentioned factors are in addition to the well-known natural periodicities, which include AO (Annual Oscillation), SAO (Semi-annual Oscillation), QBO (Quasi-biennial Oscillation) and solar cycle variations. In general, two types of factors contribute to the uncertainty in trend calculations. The first one is random variability, which is related to physical processes and is internally generated within the atmosphere. This is not trend-like in nature. Major sources of natural variability include periodic and quasi-periodic signals associated with the annual cycle, the QBO, the solar cycle, etc as mentioned above. The El Nino-Southern Oscillation (ENSO) was believed to be not very significant in the mesosphere. But recently, Scheer & Reisin (2000) has detected a significant ENSO effect in the mesopause region. In addition, temperature may vary in response to episodic injections of volcanic aerosols but the associated direct radiative effect is confined in the volcanic aerosol cloud in the tropical lower stratosphere. However, impact of volcano is observed in the mesospheric temperature also as reported by some authors (Keckhut et al., 1995 and She et al., 1998). In general, these variations may not affect the trend if the length of data is sufficiently large as these phenomena are periodic or of relatively short duration but since our data sets are only a few decades long, these factors may greatly undermine or enhance the linear trend. While periodic signals are relatively well understood and most of statistical models can remove them, the effect of episodic, or tidal, or sporadic events are difficult to model and remove. These phenomena may have long term trends within their own cycles and forcing that confound the trend analysis. A another source of uncertainty is due to changes in observational techniques or methods. This problem of bias in observational methods is attracting attention of the scientific community in recent time (Santer et al., 1999; Weatherhead et al., 2001).  Hence the removal of these factors with robust statistical treatment and filtration are the key to determining the trend with the existing short length data sets, and this is yet to be worked out adequately. 


Although some data sets are collected consistently and due care of space-tome sampling is taken but a large number of inconsistencies are noticed among various data sets due to inadequate and differing lengths of time period and space-time sampling. The length of the time series is important, as most of the data sets are less than 2 to 3 solar cycles in length for which even shorter periodicities can not be ignored as a first approximation. In addition to this, each technique has its own merits and demerits with respect to uncertainty. The magnitude of uncertainty varies with altitude in some techniques. As for example, the impact of modification in instrumentation done for M-100 rocket temperature sensor data is more prominent in the mesosphere than for lower heights. Similarly, some physical processes like solar activity variations are much more pronounced at higher altitudes. For ground based measurements at any particular site, this is likely to be significant and we do not think we have a significant handle on these important factors when the long-term ground-based measurements are analyzed. Spectral calibration measurements, how they were obtained and how calibration drift is monitored are important factors for uncertainty estimate. How were the data combined into nightly, monthly, yearly averages? 

Length of Data - The largest databases are still limited to 2 to 3 decades. In fact the majority of them are shorter, which is generally considered to be a short period to assess the relative contributions of deduced temperature changes from solar radiation variation, instrumental modifications, continuous cooling due to anthropogenic changes, etc. While satellites provide global coverage, data from ground-based stations have the advantage that the information gathered at a fixed location is available (nearly) continuously. Therefore an interpretation of temporal variations in term of varying spatial structures is not possible. Ground-based measurements so far have the longest and most continuous sets of records, which is very useful for trend analysis. The data sets available for mesospheric analysis are limited when compared to the stratosphere and troposphere. Most of the measurements in the mesosphere are reported for middle latitudes with data for high and low latitudes being more limited. Some satellite data are now beginning to appear, but their length is still too small to be able to separate out all the significant influences.  For example, the UARS mission has completed a decade of measurements of the global stratosphere and mesosphere (1991-2001). Unfortunately the mission is being terminated, presumably due to mission costs.

Experimental Techniques

Table-II and III in Chapter-2 provides detail about the experimental techniques used by different worker all over the globe for mesospheric temperature measurements during the past few decades. Most experimental methods used so far for monitoring the mesospheric temperature structure are also listed below. 

1. Hydroxyl airglow rotational temperature.

2. O2 airglow rotational temperature.

3. Doppler temperature derived from the atomic oxygen line.

4. Rocketsonde temperature sensors

5. Rayleigh LIDAR-data

6. Rocket grenade and falling sphere

7. Satellite probing-SAGE-II, UARS-HALOE-SR & SS, WINDII & SME

8. Sodium Lidar and Sodium layer data

9. Frequency of appearance of Noctilucent clouds (NLC)

10. Ionospheric data (indirect techniques)- Low frequency phase heights, reflection and A3-radio wave absorption.

All techniques listed above may involve some or other uncertainty factor within themselves and requires correction. In addition to this, removal of atmospheric components due to several other factors discussed earlier in this chapter are essential for correct attribution of temperature trends from the data obtained by using all the above mentioned techniques. A proper trend analysis would lower the effective variability (or noise level) of the data series and thereby improve confidence in the trend calculation. It would also necessarily separate the different atmospheric responses, facilitating identification of any residual trend signal. While initial analysis of rocketsonde data had derived a linear trend it did not take into account some or other  components of atmospheric variability. More recent studies (Kokin et al., 1990; Kokin and Lysenko, 1994; Beig and Mitra, 1997, Dunkerton et al., 1998, Keckhut et al., 1999; Keckhut and Kodera, 1999) have used multi-regression models including seasonal, solar and QBO proxies in addition to a linear continuous trend. In the stratosphere, volcanic eruptions are also a major component of variability through the direct and indirect effects of injected volcanic material (dust and sulfates). Due to a direct radiative effect on the troposphere and stratosphere with an opposite sign, the vertical stability at equatorial latitudes is expected to change and consequently will planetary wave propagation and its effect on the middle atmosphere (Rind et al., 1988). Warming due to major volcanic eruptions is not expected in the mesosphere. However, observational evidences of volcanic influence on temperature were reported by Keckhut et al. (1995) and She et al. (1998). Recent trend analyses usually remove several months after those events when computing trends, or include an additional term in the analysis. Analyses of satellite experiments suffer from the short length of the data series and must use a less sophisticated regression model. Also visual Noctilucent cloud observations are limited to some latitude bands and solar angle and have a strong link with tides. Hence it can bias the long-term observations. 

Rocketsonde Data and Instrumental Correction


During the 1970s, sensor, payload and correction methods associated with rockets have been changed with no clear protocols in most cases. These early changes mainly affect the upper mesospheric part of the profile where measurements suffer more strongly from aerodynamic heating, sensor time lag and radiative heating. Unavoidable modifications of measuring equipment, and different techniques of data measurement and processing are responsible for inhomogeneity in the data sets. Important modification of equipment, which result in a marked change of the temperature time series, are specific for each data series. For some series these changes are clear. Some corrections can be applied, however, and continuity of the series can be better insured by using data prior to and after the modification or in processing the associated temperature drift using step functions within the regression analyses. Sometime there are some periods when different types of instrument are mixed. This procedure confuses the effect of the instrumentation change and the a more efficient way to take this into account is to remove data from some launches entirely to conserve the homogeneity within separate sequences of the data series. The influence of beginning and end data on trend is important and may explain some of the dispersion of trend results reported so far. Figure 3.1 shows how data can be biased by sensor modification. In this particular case the rocketsonde sensor onboard the M-100 rocket was modified in November 1976 and a clear shift is noticed which is marked by an arrow. Appropriate corrections should be made to determine true linear trends.
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Figure 3.1: The time series plot of temperature averaged over the altitude range 55-75 km in rocketsonde data depicting a shift due to sensor modification (Beig & Fadnavis, 2001).
Satellite Data

Satellite based measurements are advantageous for global studies, but they bear some shortcomings. It takes a satellite one full day to describe a planetary-scale pattern and a given point on the Earth is observed only once per several days at some particular time. This may introduce spurious tidal effect in long-term trend detection. So called asynoptic satellite data sampling (e.g. Salby ) lead to concerns relating to data aliasing and spatial /temporal ambiguities. Satellite measurements are subjected to drift due to aging and exposure to charged particle fluxes in space. However considerable efforts are made to estimate these problems using internal proxies. Also, unless the orbit is sun-synchronous, the local solar time of the measurement will periodically change for a each location. Another limitation of these measurements is their relatively limited temporal extension, until now. 

The SAGE II data discussed here are preliminary.  Effects not yet considered may play an important part in understanding what implications arise out of this data.  For instance, solar cycle and auto-correlation terms were not included in the time series analysis quoted here.  Corrections have been made for an apparent drift in the wavelength of one of the SAGE II channels, and also for changes in mirror reflectivity.  Remaining uncertainty in the effective wavelengths of some of the SAGE II channels may cause a systematic error in the absolute value of the calculated density, but such an error is unlikely to create or mask a long term trend.  Natural variability in the atmosphere and measurement noise contribute to the uncertainty in the density measurement, and therefore to uncertainty in the derived trends.  The uncertainty in the trend term is calculated to be generally between 5% and 30% of the calculated trend for altitudes between 50 km and 60 km, suggesting that the result is statistically significant

Some discussion on UARS-HALOE data is included in chapter 2. A long-term increase of the CO2 mixing ratio consistent with its rate of increase in the troposphere has been allowed for in the HALOE retrieval algorithm. If that rate is not appropriate throughout the middle atmosphere, this assumption could affect a derived trend. No other long-term biases have observed in the HALOE measurements. They have been checked for any remaining periodic or correlated structure in the time series model residuals. Sampling biases with time are not a problem. An adjustment has been made for the average effects of tides, prior to the analysis of HALOE time-series. 

The SME data described earlier reported by Clancy and Rusch (1989) involves Rayleigh scattering measurements with very poor signal to noise ratio.  The fact that their temperature profiles above 70 km diverge strongly from more recent measurements by Rayleigh and Na lidar, suggests that the SME measurements are not reliable at these heights. Their technique used measured sunlight scattered from the Earth's limb, so winter observations are not possible at high latitudes and high-latitude summer observations can be contaminated by polar mesospheric clouds.

Lidar Data

Lidar is a technique, which is complementary to rocket studies because temperature profiles are deduced over a very similar altitude range as rockets. The main sources of error in lidar-derived temperatures are located in the lower part of the profile (30-35 km) and are due to the presence of aerosols, non-linearity of the detector and misalignment effects. In the upper part (75-80 km) the errors are mainly due to pressure initialization, noise estimate, and photon noise (Keckhut et al., 1995). Some breaks in the temporal continuity of the lidar series may have been caused by necessary changes of components. This is an expected outcome for any instruments operating over decades. However the bias expected is located around the top and the bottom of the temperature profiles. Primary measurements are obtained at night, and frequently cover only the first half of the night. Coverage obviously depends on weather conditions. For the Haute Privince lidar, the integration time and the mean time of observation did not remain the same in the first 10 years of operation and tidal effect may be found (Keckhut et al., 2001). The main change occuring in lidar data of the French group are in September 1994, due to replacement of the counting system. Time of the measurements is restricted to night, but may change due to weather conditions. Generally measurements are made during the first part of the night. Measurements are integrated over several hours and this may vary from 2 to 12 hours.

Hydroxyl Airglow Data

The most widely used technique for mesopause temperature measurements are hydroxyl airglow line intensity measurements. It has long been used to investigate seasonal temperature variations in the upper mesosphere in the Northern Hemisphere. Temperature measurements derived in this manner suffer from possible influence by emission layer height and profile variations.  Baker and Stair (1988) determined from rocket measurements a mean height of 87 km and a mean thickness of 8 km for the hydroxyl layer.  She and Lowe (1998), from a comparison of hydroxyl airglow temperatures with sodium lidar temperature profiles and utilizing satellite-determined hydroxyl profiles, concluded that hydroxyl rotational temperatures can be used as a proxy for temperatures at 87 ( 4 km. 

The fact that the temperature obtained from the intensity distribution of hydroxyl rotational lines within a band does not depend on either the total band intensity, on the background emission, or equipment sensitivity (and therefore should not be sensitive to possible variations of observation conditions during several decades). As mentioned above, observations made with a tilting filter photometer (probably the most common technique used) are highly subject to errors caused by undetected changes in filter characteristics.  It is well known that optical interference filters (solid Fabry Perot etalons) tend to degrade with time.  In some cases a secondary transmission peak can appear as a result of deterioration in the dielectric spacer layer used in the filter.  Only a small secondary peak can cause a large change in the apparent temperature derived from the intensity ratios.  For this reason frequent and careful spectral calibration of the filters is essential if long term trends are to be reliable.  It is not clear that this has always been the case for the published results. Hence, the spectral sensitivity of the equipment is very important. As for example, OH airglow measurements in the 6-2 band  are made near the high-wavelength fall-off region of GaAs PMTs.  If we do not correct for the spectral response of our instrumentation (principally the PMT) we would be in error by of order 19K (Burns et al., 2002). We have to monitor the spectral response of instrumentation as the GaAs PMT spectral response is expected to change with aging. The band ratios are determined by the population of various rotational levels of an OH molecule. The assumption of local thermodynamic equilibrium of the rotational state distribution has been  verified for low rotational quantum numbers (see for example Pendleton et al., 1993). In addition to this, some other possible sources of variability in OH temperature series are listed as follows: (1) Spectral response variability: Changing detectors or aging detectors may alter the ratio of the emissions used to determine temperatures. Relative spectral response calibration is vital. Changes in the OH bands observed are important. In order to convert line ratios to temperatures, transition probabilities are used to determine the inferred relative populations of the upper states. Depending upon the choice of transition probability, a different absolute temperature is derived. The range of absolute temperatures that can be derived depending on the choice of transition probability increases with the magnitude of the transition in vibration quantum number. Apparently the temperatures derived from the most commonly observed OH bands these days, OH(3-1) and OH(4-2) , are very little dependent on the choice of transition probability (perhaps a couple of K). However, absolute temperatures derived for bands such as OH(8-3) and OH(6-2) can differ by in excess of 10 K depending on the choice of transition probability (see Turnbull and Lowe ,1989 and Greet et al., 1998). Care must be taken when including temperatures from various OH bands in a temperature sequence. Some change is also expected, and has been measured , in the altitude difference of different OH vibration populations. How this ties in with actual temperature variations and the varying results obtained depending on the choice of transition probabilities require serious consideration. The general progression over the decades has been to move from high vibration transition bands (less intense & lower wavelength) to low vibration transition bands (more intense & higher wavelength) as detectors with higher wavelength response have been developed. Thus the possibility of introducing trends must be carefully considered. (2) Changes in wavelength resolution: Some early instrumentation had less spectral resolution that modern instrumentation. Care must be taken that minor spectral features are adequately accounted for.  Non-LTE (high rotational quantum number) and 'satellite' OH emissions are a possible concern at all latitudes, and auroral contamination can vary with altered wavelength resolution at high latitudes. (3) Fraunhofer contamination: If data are collected when moon and cloud are present (it is possible, and it is particularly desirable at high latitudes to measure the OH temperature on as many days as possible) it is important that background levels are appropriately accounted for. (4) Background levels: How the background level is removed is always significant in terms of the absolute value of the temperature derived. In trend terms, it is particularly important when associated with any variation in aspects discussed previously.

O2 Airglow Data

Although much less widely used than the OH rotational temperature technique, the O2 Atmospheric airglow band is also suitable for monitoring temperature in the mesopause region. It corresponds to a nominal height of 95 km, with profile similar to OH, but also possibly subject to minor variations. Even if the individual rotational components of the O2 band are not spectrally resolved, it is possible to extract temperatures with a statistical error  not much worse than for OH.

Rocket Grenade and falling sphere

Rocket grenade temperature uncertainties are less than ±3 K below 75 km and the altitude resolution is 5-7 km. The smallest scales detectable in temperatures measured by the falling sphere technique are typically 8, 3 and 0.8 k at 85, 60 and 40 km, respectively. The uncertainty of the temperature data is typically 7, 3, and 1.5 K at 90, 80 and 70 km altitude, respectively. Lübken (2000) group did not find any significant modulation in the data regarding solar cycle variations and tides. These data have been checked for their Gaussian distribution. Most of the results reported by Lübken group using this technique are based on early rocket grenade measurements compared to recent falling spheres.

Atmospheric sodium emission data
The temperature can be determined from the analysis of  atmospheric sodium emission. The long-term measurements of its intensity and of its centroid height will provide information about temperature. However, this is an indirect technique. Firstly, apart from the fact that atmospheric sodium emission (Semenov, 2001) do not measure temperature, the long-term airglow measurements are probably worthless since the sodium emission is strongly contaminated by the OH(8,2) band emission and, so far as evident from publications, this has not been taken into account.  Apart from this, the calibration of the photometers used is an important factor over this long period.  Clemesha et al. (1992, 1997) determine the temperature from the centroid height of sodium layer emission.  The centroid is around 92 km, but its long-term decrease in height, if related to an atmospheric cooling, will depend on the entire temperature structure of the atmosphere from the ground up to the height of the sodium layer.  Clemesha et al. (1997) reported a thorough analysis which indicates a height change of about 370 meters per decade. This means that the estimated trend is representative of a broad altitude range of 20-92 km within which a strong temperature trend gradient exists. Of course, there are an infinite number of possible temperature/height profiles that can produce a given decrease in the height of a given density level in this technique.

Ionospheric Data

There are number of records available from measurements of ionospheric parameters using low frequency phase heights, reflection height and A3-radio wave absorption etc. One advantage of deducing the temperature trend from ionospheric data sets is that the records are several decades long and hence the statistical significance is high. However, temperature trend derived from these sets are indirect estimates and suffer from several shortcomings and approximations. The estimates as reported by Taubenheim et al. [1990, 1997, and 1998] are little different from one another but cooling trend is clear in all the analysis. They interpreted their data as a lowering of a pressure height, but assumed that the concentration of nitric oxide in the mesosphere was constant during the past 30 years. This assumption may not be true, as model results reported by Beig (2000) indicate significant variation in nitric oxide concentration with time, which may affect their interpretations. 

Tidal Interference

Tides induce temperature changes of several Kelvin in the mesosphere depending on the local solar time altitude and latitude (Keckhut et al., 1996, 1999, Hagan et al., 1995). Tidal effect is most significant in the equatorial mesosphere and must be considered when analyzing temperature series for trend detection. However, tidal amplitude in the high latitude mesosphere is believed to be small and may not significantly influence trend analysis. Tidal temperature variations are noticed with phase structures, variable in height and season. Hence, if the time of day of the measurement has changed from one period to another, it can induce a spurious trend of several Kelvin per decade. This kind of bias is not negligible compared to the expected trends and needs to be considered for trend studies. In general, rocket launched are at fixed time, however for some cases, the time of measurements has been changed to fit scientific needs associated with process studies. Even small timing changes may induce some spurious temperature changes.

Local time of the measurements is a critical factor for rockets (as evident from figure 3.2) because in addition to the atmospheric tidal changes there is a diurnal bias in the sensor responses due to solar heating. This issue has been addressed for some rocket stations by Keckhut et al (1999). Lidar are also subject to the effects of local time. Keckhut et al. (2001) have shown that [image: image8.png]Altitude (km)
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tides have introduced some biases in the time series (±1(K),  which  were  estimated  with  a  tidal 

Figure 3.2 : Trend profiles observed at Ascension Island without (a) and with (b) time of the day selection (from Keckhut et al., 1999)

model. The solar occultation technique which is the best adapted technique for sounding temperature from space, should not exhibit strong tidal effects because the local time of measurements is only twice a day and remains the same from year to year. Measurements made at 

a single longitude may yield a trend, which differ with global experiments, which employ zonal averages.

Clemesha et al. (1997) noted in sodium emission data technique that tides cause errors if the local time of measurement is not constant but, also pointed out that on the Na data, even with constant local time of observation, a long term change in the phase of the diurnal tide could be interpreted as a long term trend in a parameter subject to tidal variations.

Solar Activity Variations

One of the major sources for decadal natural variations in the atmosphere is the 11-year solar activity cycle, which may contaminate the global change signals if not taken into account. The electromagnetic flux emitted by the sun varies mostly at the shorter (UV) wavelengths, and on different time scales (Donnelly, 1991). There are several theoretical (Brasseur, 1993; Wuebbles et al, 1991) and experimental studies (Hood et al, 1991; Hood, 1997) on solar flux variations to suggest that periodic changes during the 11-year solar cycle should affect the chemical composition and thermal structure of the middle atmosphere. The solar activity variation in temperature is found to be more prominent for higher altitudes as compared to lower heights. However, there is a well-known discrepancy between theoretical and observed variations due to solar variability. A number of publications have reported solar cycle associated variability in temperatures of the upper mesosphere.  Shefov (1969) shows solar cycle variations in hydroxyl rotational temperatures of order 25K for Zvenigorod (56oN, 37oE) and 20K for Abastumani (42oN, 43oE).  Sahai et al. (1996), from observations over three winters, report a positive association between nightly hydroxyl-temperature averages at Calgary (53oN, 114oW) and the 10.7 cm solar flux of 0.32 K (sfu)-1.  This implies a 38 K solar cycle variation for a 120 sfu range. However,  Sahai et al. (1996) have reported results based on 3 years of  winters period which is clearly too short a time to detect a signal.  On the other hand, the observations reported by Batista et al. (1994), on solar cycle and the QBO effect on the mesospheric temperature and nightglow emissions at a low latitude station are worth mentioning. 

 Labitzke and Chanin (1988), using rocketsonde data from Heiss Island (81oN, 58oE), show solar-cycle temperature variations at 80 km of order 25 K. Lübken and von Zahn (1991) find a solar-variability associated temperature dependence at hydroxyl heights of 0.15K (sfu)-1 [18 K; 120 sfu] for Andenes (69'N, 16'E). Note that most of the data used in this analysis is from sodium resonance lidar. The trend obtained was ~0.2 K per sfu. Bittner et al. (2000) analyzes 2457 nights of hydroxyl temperatures above Wuppertal (51'N, 7'E) from the interval 1987 to 1995.  They report positive correlation of temperature fluctuations with solar 10.7 cm flux for periods greater than 30 days and negative correlation for periods less than 10 days. Burns et al. (2002) find that a limited length data series (7 years) of hydroxyl rotational temperatures collected at Davis (69°S, 78°E) is consistent with a 7 K solar cycle variation. However, the data sequence is too short to distinguish a variation of this magnitude from the combination of a stronger solar cycle variation with significant cooling as has been reported by Golitsyn et al. (1996).  Burns et al.(2002) note that the solar activity association found in the winter means is not consistently reflected in the comparison of nightly temperature and 10.7 cm solar flux, within individual years. Other researchers have reported a direct link between nightly temperatures and solar activity (e.g. Sahai et al., 1996). Whether solar cycle activity is directly linked to nightly temperatures of the upper mesosphere or only via long interval averages has significant implications on the process by which a possible linkage occurs (Lowe, 2001;  Espy and Stegman, 2001). A modern data set that apparently shows a significant solar cycle variation in the upper mesosphere is the nine year Na lidar data set of She et al. (1999).  The fact is that we do not yet have agreement on the solar cycle variation in the upper mesosphere, even whether it exists or any viable suggestion of a process, is damning of the field. It is a major issue to be resolved for seriously considering trends in this region.
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Figure 3.3 shows the relation of the upper stratospheric temperatures with changing solar activity over a period of nearly three solar cycles. These data were obtained from a long series of U.S. rocket soundings (Dunkerton et al., 1998). This data set reveals a strong solar correlation thus the removal of solar variability from the time series is essential to determine any long-term trends. Nightly averaged hydroxyl temperatures above Davis (Burns et al., 2002) in the Antarctic are plotted along with MSISE-90 model temperatures at 87 km for the appropriate latitude (Hedin, 1991), in Figure 3.4. Also shown are solar 10.7cm flux values, which are indicative of solar activity. There is no apparent consistency in the published literature as to the magnitude of any solar cycle influence on the temperature of the upper mesosphere, or the process via which such influence may be manifested. It is possible that any solar cycle variation would be latitude dependent, but that assumption is not sufficient of itself to reconcile reported results. This is a significant issue to be resolved if temperature trends in this region of the atmosphere are to be considered.

Figure 3.3 : Long term temperature changes as observed with averaged rocket data (30-60 km) showing trends and solar evidence from (Dunkerton et al., 1998). 
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Figure 3.4 :  Illustration of relation between solar activity and averaged Hydroxyl-layer temperatures derived for the mesopause region (87 km) for high latitude (68.6oS) (from Burns et al., 2002).
CHAPTER 4  

Results of Model Simulations and Physical Processes

(a) MODEL SIMULATIONS

1. Introduction


In this section, a brief discussion about model investigations carried out to study temperature trends in the mesosphere and lower thermosphere (MLT) due to anthropogenic activities is included. Theoretical models based on fundamental understanding of interactive radiation, dynamics and chemistry processes are an important tool for understanding the effect of different mechanisms on trends in the MLT-temperature. Observed features then can be interpreted in terms of specific processes. Unfortunately, there are relatively few modeling studies  of global change in the MLT region compared to lower regions. To some extent this is due to the limited availability of numerical models with adequate parameterizations of radiative transfer applicable to arbitrary mixing ratios for optically active greenhouse gases. Some important information related to radiative transfer in the upper atmosphere has only recently become available. Modeling results are often inconclusive and sometime even contradictory, as is found for  observations of this region.  


Roble and Dickinson (1989) pioneered work in this area. They reported the impact of global change by using a one-dimensional radiative-photochemical model to study the sensitivity to doubling of CO2 and CH4 in the mesosphere and thermosphere (60-500 km) but they have not included the detailed chemistry and growth rates of some important greenhouse gases like N2O and CFCs. Some later authors (Portmann et al., 1995; Beig and Mitra, 1997) have used two-dimensional interactive models with detailed chemistry. Rind et al. (1990), Berger and Dameris (1993) and Akmaev and Fomichev (1998) have used 3-D dynamical models extending into the thermosphere but with little chemistry. 


All these studies only considered possible future temperature changes using the standard double-CO2 scenario formulated on the WMO (1997, 1999) or IPCC (1990, 1998) reports. There are presently only two detailed modeling studies published concerning simulations for the past few decades and comparing outcomes with observations. Akmaev and Fomichev (2000) have reported a benchmark estimate of radiative forcing in the MLT due to the increase of CO2 mixing ratio observed over the last four decades using a spectral MLT model, but without detailed chemistry. Recently, Beig (2000a) used the observed trends of several major forcing parameters, namely, CO2, N2O, CH4, and CFCs during the past several decades [WMO, 1995, 1999] as input to a 2-D interactive model to evaluate the response of temperature and composition. This model considered the detailed chemistry of the MLT-region.

2. Model Results and Discussion


Fels et al. (1980) first employed a three-dimensional (3-D) general circulation model (GCM) in a study of sensitivity of the upper atmosphere to perturbations in ozone and carbon dioxide. They investigated the radiative and dynamical response of the atmosphere to a uniform 50% reduction of ozone and a uniform doubling of CO2. Special attention was paid to incorporate the parameterized form of the feedback due to ozone photo-chemistry in the stratosphere. With doubled CO2, they predicted a cooling of up to 8K in the mesosphere.  Although the GCM had an upper boundary at about 80 km, the simulations in the mesosphere should be considered with caution as the model did not account for small-scale gravity waves (GW) that are currently believed to play a crucial role in the dynamics and thermal structure of the mesosphere.


Roble and Dickinson (1989) predicted a global average cooling by about 10-15 K in the mesosphere and up to 50 K in the thermosphere for the 'doubled-CO2 scenario.  Due to thermal compression in an atmosphere with hydrostatic balance this cooling resulted in a reduction of atmospheric density by more than 40% at a given height in the thermosphere. The density decrease was accompanied by substantial changes in chemical composition.  In particular, the concentration of nitric oxide was reduced by up to 50% in the lower thermosphere. Rishbeth and Roble (1992) broadly confirmed the findings for the thermosphere using a crude three-dimensional GCM with chemistry.  The lower boundary of this model was placed at about 95 km, so that the results were only applicable in the thermosphere above approximately 120 km.  It should be noted that both studies used a relatively low value, compared to recent data (e.g., Shved et al., 1991, 1998), of the quenching rate coefficient for collisions of atomic oxygen and carbon dioxide that are important for radiative transfer in the 15-(m band of CO2 in the region of breakdown (above about 70 km) of local thermodynamic equilibrium (LTE). 


A study of the double CO2 climate was conducted by Rind et al. (1990) using a GCM without chemical feedback. Rind et al. (1990) also reported an overall increase of the eddy energy in the middle atmosphere due to both planetary and gravity waves.  This was attributed to a reduction in the gross atmospheric stability due to a relative warming in the troposphere and a cooling in the middle atmosphere. Vertical destabilization affects the propagation of planetary and gravity waves through the middle atmosphere. It also favors stronger planetary and gravity wave generation in the lower atmosphere at least within the parameterization of GW sources.  The combined effect of these changes is a stronger momentum deposition by waves and a stronger residual circulation in the middle atmosphere. The enhanced circulation produces a relative warming of the polar winter stratopause. It appears that this effect deserves further investigation, in particular, as to how realistic the enhanced GW generation is in a troposphere with doubled CO2. It should be noted that the effect of destabilization could be overestimated due to possible overestimation of the thermal response at the surface (about 4.2 K) in the experiments of Rind et al. (1990).

Berger and Dameris (1993) studied the effects of CO2 doubling with a 3-D mechanistic model extending from the surface to 150 km.  The model incorporated a realistic GW parameterization based on the formulation by Lindzen (1981).  They predicted a maximum cooling of about 40 K at 105-110 km that reduced to about 1-2 K near the upper boundary.  This does not quite agree with the results of Roble and Dickinson (1989) and Rishbeth and Roble (1992) according to which the cooling is of the order of 10 K in the upper mesosphere and should grow with height to about 40-50 K. The study by Berger and Dameris (1993) also used a low value for the quenching rate coefficient.


Portmann et al. (1995) used a two-dimensional model with detailed chemistry extending up to 110 km. They demonstrated the importance of dynamical feedback by GW momentum deposition in the mesosphere. They found that as a result of this feedback the middle atmosphere would cool due to increased CO2 even in regions with a positive radiative forcing. They predicted cooling above 100 km at about half the rate reported by Berger and Dameris (1993). 


Beig and Mitra (1997) used a two dimensional interactive model of radiation, dynamics and chemistry which extends from the surface to about 85 km. It incorporates detailed chemistry but all the dynamical processes were not properly accounted for in their model study for example the new parameterization of the 15-(m CO2 band above the altitude of breakdown of local thermal equilibrium. Beig (2000a) has further extended the earlier version to 120 km and included several new mechanisms including the parameterization of the 15-(m CO2 band above 70 km (Fomichev et al., 1998) in simulating the radiative response for the past several decades as well as for the double-CO2 scenario. The prediction of future climate responses was examined as semi continuous time lines of quantities, such as chlorine loading and other trace gas variations, well into the 21st century. It is assumed that the tropospheric volume mixing ratio of carbon dioxide by the end of 2050 would be twice that of the present-day value (1995 reference level), and it is taken as 712 ppm. The methane mixing ratio is also considered to be doubled  (3.4 ppm) relative to 1995. Nitrous oxide and CFCs are taken as per the business-as-usual scenario (BAU) (Beig and Mitra, 1997) and yield an N2O volume mixing ratio of 365 ppb and total chlorine loading due to the CFCs of 11.7 ppb for 2050. Concentrations of all other species, including SOx, are kept at ambient levels, with the assumption that they may not play a significant role. Beig (2000a) has reported a cooling of the order of 14K at the stratopause, which reduces to 11(K above 70 km and again increases dramatically in the lower thermosphere. The results of Beig (2000a) for the past few decades of simulations indicate a cooling trend of 4 to 4.8K/decade for altitudes ranging from 80 to 120 km at 10(N, which are in reasonably good agreement with observed trends for the same latitude range. Killeen et al. (1997) discussed in detail the temperature perturbations caused by nitric oxide as a function of solar cycle change and increasing CO2 concentrations. They concluded from their 1-D model calculations that the solar cycle has little influence below 100 km but has a profound effect above 120 km altitude. Although Beig (2000a) have accounted for the feedback of NO in their study, the model did not adequately account for detailed dynamical processes like small-scale gravity waves (GW) that are currently believed to play a crucial role. 


Akmaev and Fomichev (1998, 2000) used the three-dimensional middle atmospheric (15-120 km) model originally developed and described by Akmaev et al. (1992). To prevent spurious reflections of strong tidal waves from the upper boundary, the model has been extended into the thermosphere (Akmaev et al., 1996, 1997). The model has a lower boundary at 100 mb and the upper boundary at about 220 km. A variety of physical processes important in the middle and upper atmosphere are represented in this model. Infrared radiation transfer in the 9.6-(m O3 band is treated according to Fomichev and Shved (1985). They have accounted for the new parameterization of the 15-(m CO2 band (Fomichev et al., 1998). Akmaev and Fomichev (2000) have slightly adjusted the parameterization of radiative cooling in the 15-(m CO2 band from their earlier version at 70 km to better match the new reference cooling rates (Ogibalov et al., 2000). A discrete-spectrum gravity wave parameterization based on the formulation by Gavrilov (1990) was implemented in their model. Modifications related to an interactive calculation of eddy diffusivity and specifications of latitudinal and seasonal variations of the gravity forcing in the lower atmosphere were introduced by Akmaev et al. (1997). Akmaev and Fomichev (1998) have found a cooling of 8K in the upper mesosphere and 40-50 K in the thermosphere for the doubled-CO2 scenario. Recently, Akmaev and Fomichev (2000) have reported benchmark estimates due to the increase in CO2 mixing ratio from 313 ppm to 360 ppm observed over the last four decades. They found a cooling of about 3K in the mesosphere which practically vanishes at 100-120 km, and increases to 10-15 K in the thermosphere. Although this model has been demonstrated to realistically reproduce present-day climatology in the MLT, one must realize the limitations of the model configuration, in particular for simulations with perturbed abundance of radiative-active tracers. The model does not include an interactive composition and cannot account for chemical feedbacks that are particularly important in the middle and upper mesosphere due to temperature-dependent reaction rates. Radiative cooling in the 5.3 (m band of NO that peaks at about 140-150 km (Kockarts, 1980) is not explicitly calculated in their configuration. Although radiative loss of energy is accounted for via the solar EUV heating efficiency (Roble, 1995), the model may underestimate feedback in the lower thermosphere due to the dependence of the NO cooling rate on temperature. 

(b) PHYSICAL PROCESSES:  

1.0 
Current Assessment of the Mesospheric Energy Balance 

The energy budget of the terrestrial mesosphere is a frontier of research in the atmospheric sciences. A fundamental difference between the mesospheric energy budget and that in lower atmospheric regions is the primary mesospheric heating and cooling mechanisms involve processes far removed from local thermodynamic equilibrium (LTE). The energy balance and its components have been studied extensively beginning with Murgatroyd and Goody [1958] who made the first computation of the mesospheric energy balance and considered non-local thermodynamic equilibrium (non-LTE) effects in their computation of radiative cooling by carbon dioxide. They also recognized the importance of chemical potential energy and exothermic chemical reactions as sources of heat and purposely limited the altitude range of their calculation to below 90 km to avoid large errors in the computed heating rates. Shortly thereafter, Kellog [1961] postulated that the warm winter mesopause was at least partially maintained by energy release from exothermic reactions involving atomic oxygen transported from the thermosphere. Hines [1965] discussed the role viscous dissipation of internal gravity waves in the energy balance. Shved [1972] discussed the role of airglow in reducing the amount of energy available for heat in solar energy deposition and exothermic reactions. These pioneering studies provided the direction for our contemporary understanding of the heat balance of the mesosphere. 

In the past decade there has been great advance in the knowledge of many of these processes. For example, we currently believe that exothermic chemical reactions generate more heat in the upper mesosphere than is provided directly by solar radiation [Mlynczak and Solomon, 1993]. We also believe that radiative emission and cooling by carbon dioxide (CO2) is governed primarily by collisional energy transfer from atomic oxygen [Rodgers et al., 1992], and that the CO2 molecule is a variable species in the upper mesosphere [Lopez-Puertas and Taylor, 1989]. Airglow has been shown to significantly reduce the efficiencies of both solar heating and exothermic reactions [Mlynczak and Solomon, 1993]. Dynamical processes including gravity waves and tides are also clearly important [Lubken et al., 1997]. Due to the non-LTE nature of the radiative heating and cooling and chemical heating processes, meticulous and accurate laboratory measurements of the rates of non-LTE energy transfer processes are also required before we can model the mesosphere with certainty. 

To date there is not an extant data set from which the mesospheric energy budget can be confidently derived on a global basis, and thus we know very little concerning the relative importance of the various sources and sinks of energy and their overall role in determining the structure and variability of the mesosphere. We do not even know basic properties, such as if the mesosphere is in global mean radiative equilibrium on monthly to seasonal timescales, as the stratosphere is [Mlynczak et al., 1999]. However, the major radiative, chemical, and dynamical processes that govern the energy balance in the mesosphere are thought to be well-known. It is anticipated that the recently launched Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics (TIMED) Mission, and the significant ground-based program that accompanies it, will provide this essential understanding of the energy budget of this critical region of Earth’s atmosphere. 

2.0 
Principles of Energy Conservation in the Mesosphere 

In order to evaluate the energy balance in the mesosphere we must consider input of solar and terrestrial radiation, input of energy associated with dynamical phenomena, output of energy in the form of infrared and airglow emission, storage of energy in latent chemical form, conversion of energy, and energy transport. These processes are not new or different, especially the radiative phenomena, and are considered in almost any study of atmospheric energetics.  

Shown in Figure 1 is a diagram indicating the major flows of energy in the mesosphere. Solar energy (primarily electromagnetic radiation, but particle inputs cannot be totally neglected in the upper mesosphere) is absorbed by O2, O3, and CO2. The wavelengths that are absorbed range from the ultraviolet Lyman  at 121.5 nm absorbed by O2 to the mid-infrared at 4.3 m absorbed by CO2. Listed in Table 1 are the primary absorption features relevant to solar radiative energy inputs in the mesosphere.  

As indicated in Figure 1, absorbed solar energy may be initially apportioned into three pools: translational energy (heat), internal energy of electronically or vibrationally excited photolysis product species, and chemical potential energy. The latter is defined as the solar energy used to break the chemical bonds and thus dissociate the absorbing species. Listed in Table 2 are the fractions of absorbed energy apportioned to each of the three pools immediately upon photolysis of ozone and molecular oxygen. 

For the main absorption bands of O3 and O2 in the mesosphere most energy initially shows up as chemical potential energy or internal energy and not as heat. Consequently, the heating rate primarily depends on the disposition of the energy in the chemical and internal energy pools. The chemical potential energy, primarily carried by atomic oxygen, may not be realized until quite sometime after the original photon deposition due to the long chemical lifetime of O above about 75 km, allowing for significant transport of energy to occur through atomic oxygen transport. An evaluation of the energy balance in the mesosphere must account explicitly for the production, transport, and conversion of chemical energy. 

The energy in the internal energy pool has essentially two fates. It may be physically quenched to heat through collisions or it may be radiated in the form of airglow emission, primarily from O2(1), O2(1), and also CO2 at 4.3 m. This emission significantly reduces the amount of energy available for heat thus giving a heating efficiency substantially less than 1.0. In addition, exothermic reactions and recombinations may form excited product species (such as OH()) which may radiate some of the original chemical potential energy before it is physically quenched to heat, thus reducing the chemical heating efficiency. Detailed models of production and loss of excited product species are required to accurately assess the heating due to solar and chemical processes. A complete description of the deposition and conversion of solar (and chemical) energy to heat and radiation is given by Mlynczak and Solomon [1993]. 

Radiative cooling in the mesosphere is driven primarily by non-LTE processes in the carbon dioxide molecule. Often the process of radiative cooling involves the consideration of complex radiative exchange between atmospheric layers, as indicated by the vertical double arrow in Figure 1. Cooling by ozone (9.6 m) and water vapor (6.3 m vibration-rotation bands and the far-infrared rotational bands) is important in the lower mesosphere. In the lower thermosphere the cooling eventually transitions from CO2-dominated to that dominated by the NO molecule in the vibration-rotation bands at 5.3 m. Note the fine structure lines of atomic oxygen in the far-infrared are also important in lower thermospheric cooling. With the exception of the far-infrared H2O and possibly the atomic oxygen lines, non-LTE occurs and must be considered in evaluating the cooling rates. 

3.0 
Current assessment of mesospheric heat balance 

In this section we will review the status of knowledge of the major energy budget terms. For more detail see Mlynczak [2000] for calculations of many of the processes which are based on observations made by the Solar-Mesosphere Explorer (SME) experiment that observed temperatures and airglow emissions in the mesosphere in the 1980s.  

3.1
Solar heating rates 

The computation of solar heating rates requires knowledge of the solar irradiance, the absorber amount, and the absorption cross section for each absorber as a function of wavelength. As indicated in Table 1 the primary absorbers in the mesosphere are ozone, molecular oxygen, and carbon dioxide. Typically absorption of ultraviolet radiation by ozone and molecular oxygen has always been considered. However, absorption in the near- and mid-infrared by O2 (762 nm) and CO2 (2.0, 2.7, and 4.3 m) cannot be neglected. In the middle mesosphere the CO2 and O3 heating are comparable and the O2 near-infrared heating accounts for an additional 10% over the CO2 and O3 heating. In all three cases full non-LTE calculations are required to account for substantial airglow loss. In the case of CO2, the radiative coupling between atmospheric layers must also be taken into account.  The infrared solar heating by O2 and CO2 is reviewed in detail by Mlynczak and Marshall [1996] and by Lopez-Puertas et al. [1990], respectively. Mlynczak et al. [2000] also give a thorough evaluation of solar ultraviolet heating by ozone in the mesosphere and show it to be in good agreement with 2-dimensional model calculations. 

3.2 Chemical heating rates

As shown in Table 2, large pools of chemical potential energy are created upon photolysis of O2 or O3. In the case of the Schumann-Runge continuum, only 1% of the available photon energy is immediately made available for heat, while 72% shows up initially as chemical potential energy.  Thus it should be no surprise that chemical reactions should play an important role in the energetics of the mesosphere.  Long-range transport and subsequent recombination of atomic oxygen has long been known to occur in the upper mesosphere and lower thermosphere. 

The role of heating by exothermic chemical reactions involving odd-hydrogen species was apparently first mentioned by Crutzen [1971] and then again by Brasseur and Offerman [1986]. Mlynczak and Solomon [1993] carried out detailed studies of the role of mesospheric heating due to exothermic chemical reactions. They found that seven chemical reactions, listed in Table 3, are significant sources of heat. In particular, the reaction of atomic hydrogen and ozone may be the single largest source of heat between 83 and 95 km altitude.  Furthermore, the heating due to exothermic chemical reactions is competitive with, and between about 70 and 95 km, exceeds the heating due directly to solar radiation. 

3.3 Radiative Cooling Rates

Radiative cooling in the mesosphere is accomplished primarily through emission by carbon dioxide at 15 m. Between about 75 km and 110 km emission by CO2 is the only significant cooling mechanism. In the lower mesosphere cooling by ozone and by water vapor is important in addition to cooling by CO2. Crutzen [Houghton, 1970] suggested that atomic oxygen would be important in facilitating infrared radiative cooling.  The key to understanding just how large this effect could be depends on the rate coefficient for vibrational relaxation by atomic oxygen,


CO2(010) + O ( CO2(000) + O  +  Kinetic Energy  (667 cm-1)
(1)

This rate is very difficult to measure in the laboratory owing to the difficulty of simultaneously producing vibrationally excited CO2 in the presence of atomic oxygen and then determining the decay rates, especially at low temperatures (~ 160 K) typical of the mesosphere. Crutzen, in his comment on Houghton’s paper, showed that the calculated cooling rate at 100 km altitude could vary by a factor of 4 depending on the value of the O-CO2 quenching rate  The upper limit for this rate assumed by Crutzen as 6 x 10-8 atm sec or 6.2 x 10-13 cm3s-1, which is about a factor of 4 lower than the middle of the contemporary range of this rate. The temperature dependence of this rate is unknown. We wish to emphasize that while the rate of quenching of CO2 by O is often focused upon (because it is the quantity that is measurable in the laboratory), it is the collisional excitation of CO2 by O that provides the internal energy that is radiated, thereby cooling the atmosphere. The collisional excitation rate is determined from the collisional quenching rate by applying the principle of detailed balance.  


In order to compute the rate of CO2 cooling in the mesosphere the CO2 abundance must be known. CO2 has a long lifetime against photolysis in the mesosphere, and, based on photochemical considerations, the standard expectation is that the CO2 concentration should be nearly well-mixed below the turbopause (~ 105 km). Above the turbopause diffusive separation occurs based on the molecular mass of each species and the mixing ratio is anticipated to deviate from the well-mixed value. This standard picture has been called into question by the analyses reported by Lopez-Puertas et al. [1989] based on observations of non-LTE CO2 emission at 4.3 m made by the the Stratospheric and Mesospheric Sounder (SAMS) instrument on the Nimbus VII satellite and by the Improved Stratospheric and Mesospheric Sounder (ISAMS) instrument on the UARS satellite. These analyses show that the CO2 mixing ratio in the upper mesosphere is not well-mixed and if fact begins to deviate from well-mixed as low as 80 km. At present there is nothing to suggest that the effect is an artifact due to some misunderstood process or mechanism in the non-LTE model of CO2 vibrations. Thus, the reasons for the observed, steep fall-off in the volume mixing ratio of CO2 are not well-understood. The status of our understanding of mesospheric CO2 is given by Lopez-Puertas et al. [2000]. 

4.0 
Other sources of energy and dynamical influences

Measurements and theoretical modeling efforts have also suggested that dynamical processes can lead to the heating or cooling of the mesosphere [e.g., Lubken, 1997; Gardner et al., 1998; Liu et al., 2000].  For example, the existence of turbulence in the mesosphere is likely evidence of dissipation of some wave feature, and likely leads to local heating. In addition, the observed thermal inversion layers in the middle and upper mesosphere appear to develop on timescales that require heating rates much larger than can be attributed solely to radiative or chemical effects as we currently understand them. Liu et al. [2000] showed that heating rates as large as 10 kelvins per hour (compare with the daily average solar and chemical heating rates shown earlier) could occur due to breaking gravity waves.  

To define the magnitude of dynamical processes as sources or sinks of energy in the mesosphere, on a global basis, is a very difficult task.  Unlike the more conventional solar, chemical, and infrared sources and sinks of energy, dynamical processes have no measurable radiative signal associated with them, and hence are impossible to measure with conventional remote sensing techniques. It is true that the effects of dynamics may be manifest, for example, in the structure of the observed airglow. However, airglow variations are simply reflecting the changes in composition due to the dynamics, and not heating or cooling associated with a dynamical phenomenon.  

In the context of a space-based remote sensing mission such as TIMED, the only way to assess dynamical sources and sinks is to accurately determine the radiative and chemical sources and sinks that can be measured directly simultaneous with the temperature profile. Combined with wind measurements, the net effect of dynamical processes can be inferred as a residual.  This approach, which is effectively what will be used to analyze the TIMED data, will not yield any information on a specific dynamical process, but should be sufficient to determine the extent to which dynamical phenomena are significant sources of energy and thereby influence the large scale thermal structure of the mesosphere. 

Table 1.  Primary absorbers, features, and wavelength ranges solar radiation absorption in the mesosphere. 

Absorber
Feature
Wavelength Range


O3 
Hartley band 
203 - 305 nm



Huggins band 
305 - 397 nm



Chappuis band 
397 - 850 nm


O2
Schumann-Runge continuum
130 - 175 nm



Schumann-Runge bands
175 - 200 nm



Herzberg continuum
200 - 240 nm



Lyman  
121.5 nm



Atmospheric band 
762 nm


CO2
Mid-infrared bands 
2.0, 2.7, and 4.3 m 

Table 2.  Initial disposition of energy absorbed by ozone and molecular oxygen. 

Heat
Chemical Potential
Internal

Ozone

Hartley band 
13%
24%
63%

Huggins band 
76%
24%
0%

Chappuis band 
76%
24%
0%

Oxygen


Sch.-Runge cont.
1%
72%
27%


Sch.-Runge band
24%
76%
0%


Lyman  
30%
50%
20%

Table 3.  Exothermic reactions important in the mesospheric energy budget.


Reaction 
Exothermicity (kcal/mole)


H + O3 ( OH + O2 
-76.90


H + O2 + M ( HO2 + M 
-49.10


O + HO2 ( OH + O2 
-53.27


O + OH ( H + O2 
-16.77


O + O + M ( O2 + M 
-119.40


O + O2 + M ( O3 + M 
-25.47


O + O3 ( O2 + O2 
-93.65
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Figure 1 (Marty) : Energy conservation in the mesosphere

CHAPTER 5  

Conclusions (quantification, similarities and differences in various results)

                                                         CHAPTER 5

During the past decade, several attempts have been made to analyze different series of long-term observations and to deduce the mesospheric temperature trends.  The comparison of results obtained by different observations separated by several decades is very complicated due to the factors described in chapter 3. These are related to maintenance of the same equipment sensitivity, noise level (of an anthropogenic nature in particular), and the, method of data processing. All these should be considered very carefully since the trend inferred may be a consequence of one of the causes indicated in chapter 3 and not of a real variation. Possible interpretations of the trends obtained from different data groups have to be considered as the temperature, ion composition, and neutral composition trends are closely interrelated and therefore may be interpreted as the combined effect. 

Seasonal analyses are not numerous below the mesopause mainly because dividing the data reduces the statistical confidence of derived trends. While Keckhut et al. (1999) found marginally-significant changes with season for the tropical and subtropical US rocket stations in the lower mesosphere, mid-and high latitude rocket series seem to yield some more significant trends when split into seasons (Kokin and Lysenko, 1994, Hauchecorne et al., 1995, Keckhut and Kodera, 1999). The seasonal variation around or at the mesopause level appears to be significant in long term analysis and may explain several diverse results reported, as discussed below.


The present status on mesospheric temperature trends to-date may be described as follows. If we consider the mesosphere in totality then there are broadly three opinions based on experimental findings:

(1) Recognition of negative trends in the lower and mid-mesosphere with an amplitude of a few degrees per decade. This agrees with numerical simulations of CO2- doubling.

(2) Existence of large cooling trends of 8K per decade or more in the upper mesosphere where rocket sensors may involve significant uncertainties if not properly corrected. 

(3) A third group reports no negative temperature trends, or positive trend, in the mesosphere. This may be associated with local / regional effects or seasonal sampling at high latitude, as suggested by numerical model simulations. 

It should be noted that currently the situation changes very quickly. However, the majority of contradictory results are around the height of the mesopause, where the range of reported results are the maximum so far. If we divide the mesosphere in roughly two sections, namely (a) lower and middle mesosphere and (b) the region around the mesopause, then the situation can be understood a little better. 

(a) Lower and Middle Mesosphere:

In tropical latitudes, the recent sophisticated study of Keckhut et al. (1999) gives a good view of observed trends in this region. Similar results are reported by Beig and Fadvanis (2001) for the equatorial region, using a sophisticated analysis. They are also representative of most other trend studies of this atmospheric region. In mid-latitudes the lower mesosphere shows a trends of around 2 K per decade in several studies, but in the middle mesosphere Russian rockets reveal a larger cooling (~ 7k/decade) than Haute Province lidar. In the middle mesosphere of the polar regions two studies reveal opposite results. Russian data shows large cooling which increases with altitude, while Lübken et al (2000a,b) found essentially a zero trend.
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Figure 5.1.  Review of temperature trend per decade as reported by different authors for the tropical latitudes (from Beig and Fadnavis, 2001). 

 (b)   Mesopause  region:

In summary we can record mesopause anomaly as follows:
1. "No trend” results are reported mainly for high latitudes in summer time

2. If we study the trend results in detail and precise manner then we find that negligible cooling trend or no trend is reported by the following investigators for the specified altitude region and location- 

(a) Lübken (2000) in summer at [50-83 km], 69oN.– High Latitude

(b) Semenov (2001) in summer at [82-85 km] -High Latitude 

(c) Sigernes et al.  (2002) in Winter at [87km] -82oN  
(d) Keckhut (2001) at [80 km], 44 oN – Mid Latitude

(e) Bittner et al. (2002) at [87 km],  51 oN – Mid Latitude 

(f) Lowe (2001) at [87 km], 43(N – Mid Latitude

(g) Espy and Stegman (2001) at [87 km], 60(N – High Latitude

(h) Reisin and Scheer (2002) at [95 km], 32ºS – Mid Latitude

(i) Remsberg et al. (2002) at [80 km] -Low and Mid-latitudes

Russian data shows that in a range of heights 82-93 km, within all years there is a transition zone. In summer (June - July) its lower border extends down to heights of 82-85 km, which is close to the height of mesopause where the noctilucent clouds are observed. Data of Long-term (30 years) temperature measurements at high latitudes during summer shows a  lack of a trend near a height 83 km (Semenov, 2000), in agreement with Lübken (2000a,b) for the summer polar region. However, for the same height (83 km) during the winter season, Russian data shows a strong cooling. She et al (2000) reported that the height of the mesopause is not the same in summer and winter. It shifts to a higher altitude in winter (~ 100km). The amplitude of seasonal temperature variations at mesopause heights appears to have decreased as a consequence of the long-term decrease of winter temperatures and constancy of summer temperatures. Hence, it appears from the above discussion that the 'no trend' feature may be related to the mesopause height which is reported to vary with seasons although some no trend results are reported for the entire mesosphere (Lübken, 2000a,b). For example, we have two summer analysis (a) & (b), both indicating no trend at heights between 80-85 km – in perfect agreement. The results in (d), (e) and (f) are also for the mesopause region (and from the same technique) but the trend estimate is for annual means and an analysis based on seasons may clarify some doubts. Sigernes et al. (2002) reports no discernable trend in the mesopause region for the winter. However, temperature analysis of Bittner et al. (2002) includes annual means as well as seasonal amplitudes. The annual and semiannual amplitudes show a decrease by 3.1K /decade and 2.5 K /decade respectively.  

3. A strong cooling trend of the order of 7-9 K/decade in the upper mesosphere is reported by a Russian group, but only for the winter season. The magnitude of this cooling trend decreases sharply with height and shows a zero trend at 100 km (Semenov, 2001), which is about the height of the mesopause for the winter season. The height of the mesopause is reported to vary from summer to winter (She and Von Zahn, 1998; Yu & She, 1995; She, 1999). On average the summer mesopause lies at 87 km and the winter mesopause near 100 km.  Reisin and Scheer (2002) also reported a large cooling using the OH temperatures. This is the only group which reports large cooling trends using the OH rotational temperature technique other than the Russian group and analyzed the data extending beyond a solar cycle.
4. A longer, colder winter season of hydroxyl temperatures appear to be typical of both hemispheres at high latitudes, compared with Northern hemisphere, mid-latitude, seasonal trends. Compare for example the results of Burns et al. (2002) for 69oS and Lubken  and Von Zahn (1991) for 69oN with Mulligan et al. (1995) for 53oN, Niciejewski and Killeen (1995) for 42.5oN and She and Lowe (1998) for 43oN.

Concluding Remarks on Model Simulations

In the lower mesosphere, the absolute differences in model predictions are not as dramatic as near the mesopause and in the thermosphere. This is perhaps due to the fact that the direct effect of doubling the CO2 concentration is generally weaker here. Cooling to space becomes less dominant as the optical thickness of the atmosphere increases until the effect reverses to heating in the lower atmosphere. However, differences in model predictions still remain noticeable. Only in some cases can they be attributed to specific deficiencies in particular models. All models predict cooling of about 10-15K at the stratopause.  Fels et al. (1980) stressed the importance of feedback due to ozone chemistry in damping the thermal response in the stratosphere. Lower temperatures lead to an increase in ozone production and, consequently, in solar heating. Fels et al. (1980) used a crude parameterization of the effect based on numerical experiments with a 1-D radiative-chemical model.  Some later studies (e.g., Portmann et al., 1995) incorporate more detailed chemistry. Generally, models that account for this effect predict slightly smaller temperature changes (10-12 K) compared to models without chemical feedback (e.g., Berger and Dameris, 1993) that tend to estimate a higher effect (14-15 K) at the stratopause and in the lower mesosphere. 


The general cooling trend in the mesosphere is a common feature of most model studies (Beig, 2000; Akmaev and Fomichev, 1998; Berger and Dameris, 1993; Roble and Dickinson, 1989) but trends calculated near the mesopause region are in disagreement in most cases, similar to the experimental data. In the upper mesosphere (70-90 km), the simulations by Fels et al. (1980), Berger and Dameris (1993), and Portmann et al. (1995) predict cooling by about 8-10 K/decade. Rind et al. (1990) obtained a generally smaller cooling in the upper mesosphere with some regions of heating at high latitudes in summer.  Portmann et al. (1995) noted that in their simulations a temperature increase at the summer mesopause was only possible without dynamical feedback due to more intensive breaking of gravity waves in an atmosphere with doubled CO2. This directly contradicts the results of Rind et al. (1990) whose model incorporated a GW scheme with higher GW intensity in the atmosphere with doubled CO2. These differences can perhaps be attributed to upper-boundary (about 85 km) effects in the work of Rind et al. (1990) and differences in specifications of GW sources in the lower atmosphere. The magnitudes of temperature differences in the lower thermosphere are markedly different in different models. A zone of about -40(K at 100-105 km calculated by Berger and Dameris 1993 is associated with the distinct maximum in CO2 radiative forcing around 100 km altitude. This result is inconsistent with the results obtained by Beig (2000) and the work by Akmaev and Fomichev 1998, who mentioned that several factors might be responsible for this discrepancy. Killeen et al. 1997 discussed the importance of NO in determining the thermal response in the upper atmosphere. Berger and Dameris [1993] used an identical value of the concentration of NO for the double-CO2scenario as in their control runs. This might be a major reason for the discrepancy with results obtained by Beig (2000) who considers the feedback of decreasing NO in the lower thermosphere. The result of Killeen et al. (1997) shows the lowest lower thermospheric cooling of the models.




The above discussion clearly demonstrates that there remain several uncertainties in model estimates of the atmospheric response to perturbations in greenhouse gases, particulary in the MLT region. At present there exists no model that adequately describes all the complicated radiative, chemical, and dynamical interactions and feedbacks in an atmosphere with a perturbed composition. It appears, however, that comparison of simulations performed with different models could elucidate the role of various mechanisms of global change in the upper atmosphere.


There remains a need to resolve outstanding questions of the temperature trend in the higher layers of the atmosphere, such as the observed decrease in the cooling trend near the mesopause altitude, which perhaps reduce to a negligible trend, and may be a function of season and geographical location. Models should be able to account properly for all processes and their feedbacks. Of particular importance are, chemical feedbacks (e.g. that of NO) and detailed dynamical processes like small-scale gravity waves (GW), planetary scale effects and tidal effects, that are currently believed to play a crucial role. Resolution of such discrepancies is important in assuring the correct attribution to the vertical profiles of temperature.
CHAPTER 6

Recommendations and Identification of Issues (Scope for detailed assessment)

                                                     CHAPTER 6

· Scope and General Recommendations

· It is not an easy exercise to compare the existing analyse of long-term changes of the mesosphere-thermosphere region because temperature data on these regions do not involve similar analyse. The use of a common statistical model to uniformly remove episodic and periodic signals from all data sets will greatly enhance comparability. However the various forcing are not all clearly identified. This is particularly true in polar regions where particle fluxes from the sun and space may have some effects in addition to the well know UV solar flux. Forcing must also come from below through the vertical propagation of waves radiative balance.

· It is found that systematic observations of the temperature of the mesosphere-thermosphere region are relatively less robust and shorter in length than for stratosphere. In the mesosphere some data series available by default, because some instruments used for the mid-upper stratosphere also gave good observations in the lower-and mid-mesosphere on a routine basis (e.g. rocket and lidar). For the mesosphere, one great advantage is the availability of satellite observations through several successive satellites. The mesopause region is not well described because it appears to be at the boundary limits of the validity ranges of most of the measurements that probe either the mesosphere or thermosphere. One instrument,  considered to be very good for this region, is the Sodium lidar because it provides a full profile with a good vertical resolution. The effort in terms of needed observations, while general, should give emphasis to tropical sites for the mesopause-thermosphere and the high latitudes for the mesosphere. However probing the mesosphere and thermosphere require a high rate of measurements because of the large natural daily variability.

· Two of the main problems which limit the derivation of trends are the length of data sets and the temporal continuity breaks resulting from instrument changes.  

· Network organizations are highly valuable for improving data quality though arranging frequent data and analyses inter-comparisons and maintaining historic records. While the Network of Detection of Stratospheric Changes is dedicated to the stratosphere, it provides some good mesospheric temperature data which were collected in association with stratospheric measurements. However, other groups operating similar instruments on a long-term basis dedicated to investigating the mesosphere should take advantage of the coordination provided by the NDSC, particularly with respect to exercises dedicated to temperature validations.

· The length of data sets obtained from space are still too short to obtain confident trends in the mesosphere. However the number of satellite and their global coverage make them very valuable for studying mesospheric trends. Ground based instruments are not numerous and provide local results. Instrumental changes and the period covered differ from one site to another. Satellite experiments that provide a global view may drift while most of the ground instruments have experienced some abrupt changes. So, considering the different nature of instrumental changes and in taking advantage of the non simultaneous instrumental changes of ground based instruments, it will be valuable, as a prerequisite for global trend estimates in the mesosphere, to carefully compare ground-based and satellites measurements at several sites. This will enable investigation of any drift in satellite measurements  and the continuity between successive satellites. However, temporal coincidences and/or possible tidal adjustments need to be addressed to be able to separate the effects of instrument changes. With such continuous global data sets different methods for deriving trends may be tested and applied.

· The OH altitude observations form a general short temporal sample interval (a considerable number of data sets commence only in the 1990's) but cover a large number of sites compared to other observations of this region. They provide a unique opportunity for separating a number of effects, which should be determined, for correct detection of realistic trends.  For this, the following recommendations are made for OH airglow measurements:

1. Validation of data and temperature reduction, and determination of any associated uncertainties. Those with participating data sets should provide examples of raw data collected from each year, all appropriate calibration information, and details of how the temperatures are derived from the raw data. This should be provided, perhaps on the web, to all researchers who wish to make an effort to confirm the validity of the temperature reduction. If specific research resources can be obtained, LT-TIME or PSMOS should fund researchers to ensure this task is progressed as rapidly as possible.

2. Derivation of nightly temperature averages, centered as much as practicable on local midnight. This essentially means determining, as best as possible, what are the seasonal tidal variations at the site.

3. Seasonal variation with latitude. We should now  have sufficient measurements from enough sites to extend our knowledge in this regard. Check/confirm that the seasonal/latitudinal variations fit with what the models predict. ...or determine the reason/process responsible for any discrepancies.

4. Planetary scale variations and the processes are responsible for these variations. This ties in with determining the 'natural variability' of the nightly temperatures at each site. I advocate determining the auto-correlation function for nightly temperatures at each site ...and whether this varied significantly with season. The variation in this parameter with latitude is likely to be of interest. Satellite data series can contribute most usefully to this analysis. ...as will MF radar wind data contribute significantly to determining the processes responsible for the planetary-scale variations.

5. Solar-cycle variations and the process by which they occur. Some researchers report a significant solar cycle variation and others do not. It is important to search for solar-cycle variation in a consistent manner. The observation of Bittner et al. (2000) that OH temperature at Wuppertal are negatively correlated with solar activity indices for periods less than 10 days and positively correlated for periods greater than 30 days may provide some insight to possible processes. Given the short interval, over which detailed OH temperatures at some sites have been measured, separating out any possible solar-cycle influence is vital before realistic long-term trends can be determined.

· Most of the recent Satellite data sets for mesospheric temperature are unable to reveal any significant long-term trends perhaps due to insufficient duration of data records. There may also be solid scientific reasons for not determining a long-term trend. For example, HALOE results of temperature trends obtained from 1991 to the present time disagree with the reported cooling trends at northern mid-latitudes. Observational  evidence for cooling in this region seems to be based primarily on earlier periods, mainly the 1970s and 1980s. Different trend results might be real, as it is possible to have a zonal-mean trend that is different from a trend at a station, especially if the middle atmosphere is experiencing a decadal-type change in its net circulation. We may speculate that the temperature trend for the 1990s may be different from that in the 1970s and 1980s, because in the 1990s or early 2000s reactive chlorine has leveled off and the maximum ozone loss is expected in this decade with a decline after 2005. This halt to the decline of ozone will change the diabatic heating in the upper stratosphere. In turn the radiative balance in the middle atmosphere and its associated net circulation may also be affected. Analyses of other temperature data sets are needed for the decade of the 1990s to corroborate and more fully understand findings from satellite data sets like HALOE. 

· Specific Recommendations and Possible Future MTTA Activities

· Continue to support existing routine observation programs for the mesosphere-thermosphere and encourage low-latitude mesopause investigations.
· If resources are limited then select strategic sites well located from the poles to the equator.
· Make note of instrument changes and document them.

· Continue to investigate the inter-annual variability causes in the mesosphere-thermosphere to assist development a common statistical model dedicated to these regions.
· Make systematic comparisons between satellite and ground-based measurements to investigate discontinuities and satellite adjustments. 

· Regional variations at the mesospheric level should be investigated by combining satellite and ground-based measurements.

· Seasonal behavior need to be addressed to better understand the feedback to the general radiative cooling. We need to agree on a common seasonal sampling.

· In view of the indication that a negligible trend might be associated with the mesopause height which shifts with season, variation in mesopause height with seasons should be measured and / studied in detail.

· A common statistical model is needed for analysis to uniformly remove episodic and periodic signals from all data sets.

· Why does the mesopause behave (if no trend feature at mesopause and a sharp gradient below, is established) so differently? A physical explanation and mechanism is required.

· Wave activity will surely change due to global mesospheric cooling. Numerical simulation studies are required to characterize and quantity those changes that can be observed with instruments that monitor temperature fluctuations.

===========
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