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Figure 3.1. Zonal-mean temperature lapse rate −∂zT (K km−1) for the DJF and JJA seasons
according to reanalysis data for the years 1980–2001 provided by the European Centre for
Medium-Range Weather Forecasts (ERA-40 data; see Uppala et al. 2005). Negative contours
are dashed. The thick line marks the tropopause, determined as a 2 K km−1 isoline of the lapse
rate. The vertical coordinate is pressure normalized by surface pressure, σ = p/ ps .

troposphere is relatively uniform (about 6.5 K km−1) and varies only weakly with
season—observations that motivated the assumption of a fixed thermal stratification
in quasigeostrophic theory. Regions of smaller lapse rate (statically more stable stratification) are seen near the surface in the subtropics and in high latitudes, particularly
in winter. At the tropopause, the lapse rate decreases, in many regions to zero or less,
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Figure 3.2. Temperature in radiative equilibrium (solid line) and in dynamical equilibrium
with fixed tropospheric lapse rate ! = 6.5 K km−1 (dashed line). The arrow marks the ground
temperature in radiative equilibrium, which is greater than the surface air temperature (Tg ≈
297 K, Ts ≈ 285 K). The ground temperature in dynamical equilibrium is taken to be equal to
the surface air temperature (Tg = Ts = 280 K). (Calculations courtesy Paul O’Gorman.)
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Held (1982) suggested distinguishing between radiative and dynamical constraints on
the thermal stratification and tropopause height. Radiative constraints express the
balance of incoming and outgoing radiant energy fluxes in atmospheric columns, plus
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any dynamical energy flux divergences in the columns. Dynamical constraints express
10 on dynamical considerations, such as that moist convection
balance conditions based
maintains the thermal stratification close to a moist adiabat (see chapter 7 in this
volume) or that baroclinic eddy fluxes satisfy balance conditions derived from the mean
8
entropy and zonal momentum balances.
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In the simplest model of dynamical equilibrium
in an atmospheric column, going
back to the concept of6 radiative-convective equilibrium (cf. Gold 1909; Milne 1922;
Manabe and Strickler 1964; Manabe and Wetherald 1967), 2the
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determines a constant tropospheric lapse rate and the radiative constraint determines
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condition, for example, a given surface temperature. Given a tropospheric lapse rate
Figure 3.3. Tropopause height (km) determined according to the radiative constraint as a
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to be equal to the ground temperature Tg ,
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and surface temperature, with fixed relative humidity.
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First radiative-convective equilibrium
calculations

Manabe & Strickler 1964

Greenhouse effect (again)

