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Perspectives

ATMOSPHERE:
Global Change in the Upper Atmosphere

J. Laštovička,1 R. A. Akmaev,2 G. Beig,3 J. Bremer,4 J. T. Emmert5 

Life on Earth is affected more directly by climate change near the surface than in the upper atmosphere. However, as the story of Earth's ozone layer illustrates, changes higher up in the atmosphere can also be important. In 1989, Roble and Dickinson (1) predicted that rising greenhouse gas concentrations should affect atmospheric climate in the highest reaches of the atmosphere. Since then, upper atmospheric data have been combed for evidence of long-term trends. A coherent pattern is now beginning to emerge. 

The upper atmosphere consists of the mesosphere (~50 to 90 km) and thermosphere (~90 to 800 km) (see the figure). The ionized part of the upper atmosphere, the ionosphere (~60 to 1000 km), is embedded within these regions. The thermosphere is the operating environment of many satellites. The drag exerted by the thermosphere is proportional to the ambient density. Therefore, satellite trajectories and orbital lifetimes are sensitive to long-term trends in atmospheric density at their flight altitude (although their active lifetime is at present mostly determined by the lifetime of their energy sources, by instrument failures, and by the capacity of satellite operation centers). Changes in the ionosphere affect the propagation of radio waves and hence the performance of the Global Positioning System (GPS) and other space-based navigational systems. 


Structure and trends in Earth's atmosphere. Atmospheric layers (orange, right) are defined by the temperature profile. Ionospheric layers (purple, left) are defined by the electron density profile (shown here at midnight at the equator). Arrows denote the direction of observed changes in the past 3 to 4 decades: Red, warming; blue, cooling; green, no temperature change; black, changes in maximum electron density (horizontal) and the height of ionospheric layers (vertical). Most spacecraft fly at altitudes above 300 km. The aircraft and satellite shown are not to scale.

The increase in global surface air temperature during the 20th century has been attributed mainly to the increasing atmospheric concentrations of greenhouse gases. In the upper atmosphere, the radiative effects of greenhouse gases, particularly CO2, become more pronounced and produce a cooling rather than a warming effect (2, 3). This effect is demonstrated by the CO2-dominated atmosphere of Venus, where the troposphere is more than twice as warm as Earth's and the thermosphere is 4 to 5 times as cold (4). The cooling should cause the upper atmosphere to contract; we may thus expect a substantial decline in thermospheric density, as well as a downward displacement of ionospheric layers (5). 

The primary quantity directly affected by the changing concentration of greenhouse gases is temperature. The first comprehensive review of temperature trends at heights of about 50 to 100 km (6) reveals, after slight updating, the following trends: (i) moderate negative trends of about 2 to 3 K per decade at heights of 50 to 70 km, with the largest magnitude in the tropics; (ii) slightly larger cooling trends at heights of 70 to 80 km in the low and middle latitudes; (iii) essentially zero temperature trends between 80 and 100 km. Modeling studies agree reasonably well with the observed vertical and latitudinal structure of the thermal response (3). 

Over the past three decades, the global temperature at Earth's surface has increased by 0.2 to 0.4°C, compared with a 5 to 10°C decrease in the lower and middle mesosphere. Summer-winter differences of mid-latitude land-surface temperatures are comparable in magnitude to the seasonal and 11-year solar cycle variability of mid-latitude mesospheric temperatures. Thus, the signal-to-noise ratio of the trends is much higher in the mesosphere than at Earth's surface. 

No direct information on thermospheric temperature trends is available. However, estimated ion temperatures (7) at heights near 350 km reveal a negative trend of about -17 K per decade (8). Because ion temperature is strongly coupled to thermospheric temperature, these trends are qualitatively consistent with the expected thermospheric cooling. 

Temperature directly affects atmospheric density. At altitudes between about 200 and 800 km, atmospheric drag causes measurable decay of the orbits of satellites and space debris. Routine satellite tracking data have been used to derive long-term changes in thermospheric density. The results (9, 10) indicate that thermospheric density has declined during the past several decades at an overall rate of 2 to 3% per decade; these density trends increase with height (9). This behavior is qualitatively consistent with model predictions (2). Model simulations also show that, in addition to the effects of greenhouse gas increases, the impact of long-term changes in stratospheric ozone and water vapor on atmospheric density may extend well into the thermosphere (11). 

Thermal contraction of the upper atmosphere should result in a downward displacement of ionospheric layers (5). Laštovička and Bremer (12) reviewed long-term trends in the lower ionosphere and found a positive trend in electron density at fixed heights, consistent with downward displacement. The maximum electron density of the E-layer and the F1- layer increased slightly (see the figure), and the height of the electron density maximum of the E-region decreased slightly (13), in qualitative agreement with model predictions (2). These ionospheric trends accelerated after 1980, providing support for their anthropogenic origin (14). 

The trends described above form a consistent pattern of global change in the upper atmosphere at heights above 50 km (see arrows in the figure). The upper atmosphere is generally cooling and contracting, and related changes in chemical composition are affecting the ionosphere. The dominant driver of these trends is increasing greenhouse forcing, although there may be contributions from anthropogenic changes of the ozone layer and long-term increase of geomagnetic activity throughout the 20th century. Thus, the anthropogenic emissions of greenhouse gases influence the atmosphere at nearly all altitudes between ground and space, affecting not only life on the surface but also the spacebased technological systems on which we increasingly rely. 
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