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Abstract

The atmosphere, in terms of the prevailing climate as well as everyday weather, places limits on what we can view during
astronomical observation. Specifically, cloud cover, precipitable water vapour, atmospheric stability and turbulence,
relative humidity, the direction and magnitude of the wind vectors, and aerosol (dust) loadings are the principal natural
atmospheric parameters which constrain viewing conditions. These cover a huge range of physical scales spanning
at least 10 orders of magnitude, from millimetres to thousands of kilometres. The spatio-temporal variability of these
parameters, however, is often governed by broader synoptic-scale geophysical parameters such as latitude, altitude,
season, and the prevailing weather and climate conditions themselves. Fortunately, the knowledge and prediction of many
of these parameters is possible today, using a range of observational and modelling products. This short paper overviews
the basic meteorology and climatology in the context of the constraints that the atmosphere places on astronomical
observations.
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1 Introduction: Overview of the Earth’s Weather and Climate Systems
The Earth’s climate system does not work in isolation from other components of the Earth system, nor is everyday weather
in a some sort of stationary equilibrium. Averaged annually, the poles receive less radiation than equitorial regions, resulting
in an unequal heating of the Earth’s surface by the Sun, which varies continuously depending on the day, season and
latitude. As the atmosphere is a fluid and behaves according to the laws of physics, the net overall result is a constant flux
of heat and moisture towards the poles, whilst mass balance is conserved.

Figure 1: Global mean sea-level air pressure (hPa), as determined using ERA-Interim Reanalysis1 from 1979-2015 using
the Climate Reanalyzer at the University of Maine (http://cci-reanalyzer.org/reanalysis/monthly_maps/index.php)
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1.1 Air Pressure, Cloud Formation and Convection

Meteorologists generally use air pressure as the most convenient way to illustrate the airflow around the Earth (but any
other variable, such as air density or temperature could equally be used). This is because air feels a natural force to move
from high pressure to low pressure (the pressure-gradient force, Fp). As long as the atmosphere is in hydrostatic balance1,
2-dimensional maps of air pressure may be used as reliable indicators of horizontal airflow (see Figure 1, after Dee et
al. 2011)1. However, because of the ideal gas law, pressure is proportional to temperature and density, and thus when air
becomes warmer or colder, it will either expand or contract, thus altering the pressure gradient and airflow. Evaporation and
condensation of water also plays a critical role in the Earth’s climate as these are diabatic processes which add heat to, or
remove it from, the atmosphere.

The expansion of air due to lifting, the convergence of air (when winds blow towards each another, which often leads
to lifting), and the cooling of air by radiative, evaporative or advective processes, can all lead to cloud formation. Due to
the lower saturation pressure of water vapour over ice compared to liquid water, ice-phase clouds generally last longer in
the atmosphere, but they are not as optically thick (i.e. are less opaque) as liquid-phase clouds. Clouds cover more than
half of the earth’s surface at any one time, with partial cloud cover affecting as much as 73% of the Earth at any one time,
according to Lohmann et al. 2016)6. Therefore, clear-sky regions are already at a premium!

Instability is the rising of air by its own volition (i.e. buoyancy). It typically occurs when cool, dry air overruns warm,
moist air. It can occur both day and night, and is a critical consideration from an astronomical viewpoint because the
resulting turbulence cascades across a range of scales. The release of latent heat of condensation during cloud formation
can further enhance the convection process.

1.2 The Coriolis Force and Range of Scales

Figure 2: The pressure gradient force (Fp) is balanced equally
by the Coriolis force (Fc) in geostrophic flow.

An additional complication arises because we live on the
surface of a rotating sphere, and therefore air that crosses
latitudes experiences an acceleration known as the Coriolis
Force, causing it to rotate. This spin is induced by three fac-
tors: (i) Air moving polewards (equatorwards) finds itself
having a higher (lower) relative velocity than the surface
beneath it, but retains the same angular momentum. (ii)
Rotation around a vertical axis is greatest at the poles (once
every 24hrs), but least (zero) at the equator, and (iii) the
change in relative velocity induces a centripetal accelera-
tion on the air, as it changes latitude.

The net overall effect is to make the air rotate clock-
wise in the northern hemisphere and anti-clockwise in the
southern hemisphere, but the effect is weak over short time
periods (~several hours) and the meteorological systems
and processes involved need to have an extent beyond about
± 1◦of latitude to fully ’feel’ the Coriolis Force.

The result of all this means that both weather and cli-
mate operate over a huge range of scales (across 1010 or

more), both spatially (m) and temporally (s), and unfortunately the astronomer must consider all of these! Spatially, we
may experience turbulent variations in airflow over scales from 10−3m (microscale turbulence, of which the smallest
disturbances are physically constrained by the viscosity of air) to > 106m in the large global Rossby planetary waves
which cover thousands of kilometres (Rossby waves typically occur at wavenumber 6 or 7). On a temporal scale, we must
consider anything from micro-meteorological turbulence (lasting 10−3 secs) to decadal-scale climatic variabilities such as
El Niño Southern Oscillation (Trenberth et al. 19849) or the North Atlantic Oscillation (Hurrell et al., 20013), which have
durations of 107-108 secs. At the same time, the astronomical viewing parameters of the refractive index structure constant
(C2

n), temperature-structure constant (C2
T ), the coherence time (τ ), seeing and Fried’s parameter (r0), are all dependent on

micro-meteorological aspects of the atmosphere which typically operate over time scales of milliseconds, and spatial scales
of millimetres or less (Vernin and Muñoz-Tuñón 1992, 1994)11 12.

A nice summary of the determination of the C2
n and C2

T parameters using micro-thermometers combined with the WRF
met model is given in Qing et al. (2016)8. At the same time, long-term sky quality statistics such as the photometric night
fraction, precipitable water vapour and long-term seeing trends can also be influenced by much wider and longer-term
climate-scale oscillations in the Earth-Climate system.

1Occurs in the atmosphere when gravity is balanced by the pressure gradient force, and the flow velocity at each point is constant over
time.
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2 The General Circulation of the Atmosphere
Despite all of the above considerations, there is a reliable pattern of global atmospheric airflow, known as the General
Circulation of the Atmosphere. Geostropic flow occurs when the pressure gradient force (Fp) is balanced equally by the
Coriolis Force (Fc), as indicated in Figure 2 and in the following Equations (1), with the resulting airflow running parallel
to the isobars. Geostropic flow can be assumed for airflow around these weather systems in the complete absence of friction
i.e. within the free atmosphere.

Fc = 2ω.u, Fp = −1/ρ.∆p, Fc = Fp (1)

where ω is the angular velocity of the Earth (rad/s), u is wind speed (m/s), ρ is air density kg/m3 and p is air pressure
(hPa).

Within this general circulation of the atmosphere, the locations and intensities of ‘high’and ‘low’air pressure systems
vary with latitude, longitude and topography. The principal air circulation system in the sub-tropics are the high pressure
‘Hadley Cells’(approximately co-incident with the orange-shaded regions in Figure 1). These are the Earth’s largest and
most powerful weather systems, in terms of mass transport. The airflow within each Hadley cell is, of course, 3-dimensional,
with regions of descending air found in the eastern equatorward portions of each cell (i.e. lower right quadrant in the
Northern Hemisphere, upper right quadrant in the Southern Hemisphere; see yellow patches on Figures 3a and 3b). These
‘descending arms’are coincident with the gentle descent of air from close to the tropopause (the boundary between the
troposphere and stratosphere, ~8-14km in altitude) to mid- and lower tropospheric levels, at an average rate of ~0.025 to
0.05 Pa/sec, equivalent to ~2 to 4 mm/sec (Graham, 20082). Such air warms adiabatically on descent, whilst conserving its
potential air temperature and absolute humidity, promoting stability and low relative humidity. As a result it is strongly
correlated with low precipitable water vapour (PWV) regions (see Figures 3a and 3b, Ibid 2).

It will become obvious to astronomers at this stage that there is no co-incidence in the siting of world’s premier
observatories in places such as the Canary Islands, south-western North America, Hawaii and northern Chile - they have
been deliberately chosen because of their preferred climatic locations in terms of stable air masses and low PWV totals.

Figures 3(a) and 3(b) show these locations clearly in two reclassed colour images (after Graham, 20082), for (a) the
global distribution of mean 200-700hPa vertical velocities in the range 0.025 to 0.045 Pa/sec (yellow), and (b) global
distribution of mean 700hPa (~3000m) PWV values of 3mm or less, respectively, using ERA40 reanalyses data (Uppala et
al. 200510). In both images, ‘H’marks the approximate mean position of the centre of the perennial Hadley Cell for each
respective latitude and longitude: the ‘best’astronmical sites are found near to the eastern equatorward quadrant of each
Hadley cell.

(a) vertical velocities of 0.025 to 0.045 Pa/sec (yellow) (b) 700hPa PWV values of 3mm or less (yellow)

Figure 3: Reclassed global maps of (Fig. 3a the distribution of ERA40 mean 200-700hPa vertical velocities in the range
0.025 to 0.045 Pa/sec (yellow), and (fig 3b) mean ERA40 distribution10 of 700hPa PWV values of 3mm or less. These
images were created using the FriOWL software2 after Graham, 20082.

3 The Boundary Layer
True geostrophic flow is never fully maintained, especially close to the Earth’s surface. As a result, non-geostrophic or
ageostrophic flow occurs, permitting the air to cross the isobars. Ageostrophic airflow is found in local weather systems
which are too small to notice the effects of the Coriolis Force, especially where terrain is rough and complex such as
over mountaineous regions. The part of the atmosphere which ’feels’ the effect of the Earth’s surface is known as the
Atmospheric Boundary Layer (ABL), or simply the ‘Boundary Layer’.

The mean wind profile (the relationship of wind speed with height above the surface) within the boundary layer is given
in Equation 2 (after Oke7, 2002) and takes the shape of a logarithmic curve.

Uz =
U∗

κ
.ln[

z − d

z0
] + ψ (2)

where U∗ is the friction or shear velocity (m/sec), κ is the dimensionless Von Kármán constant (~0.40), d is the zero-plane
displacement height (m), z is the height (m) for which the mean wind speed is desired, z0 is the roughness length (m), and
ψ is an additional stability parameter (which = 0 for conditions of neutral bouyancy). The zero-plane displacement d is
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considered as the height (m) above the ground at which the wind speed is theoretically zero. The roughness length, z0, (m)
is not a real physical height, but rather refers to the roughness of a surface, and is typically between 1/10 and 1/30 of the
average height of elements on the ground (Lettau 19695). Examples of roughness heights (m) for a variety of surfaces are
as follows: Open sea: 0.0002; Flat grassland: 0.03; Forest: 1.0; Mountains/City centre with skyscrapers: 2-10m.

It can therefore be seen that the rate of increase of wind with height within the boundary layer is dependent on both
the stability of the atmosphere and the roughness of the surface. Situations with considerable windshear (deviations of
wind speed and direction with height) may therefore give rise to generation of vorticity and turbulence, especally if
concomitant with air temperature and moisture gradients. Net momentum transfer is downwards in the Boundary Layer.
Kelvin-Helmholtz instabilities are frequently found between strong shear zones, and are indicative of a transition to
turbulent conditions. On a finer scale in a well-mixed boundary layer, however, the Taylor hypothesis can be assumed,
where anisotropic high frequency turbulent fluctuations cascade across a range of scales (with eddy diameters of tens
of metres down to centimetres in size) as predicted by Kolmogorov (1941)4. The smallest eddies are constrained by the
viscosity of the airflow itself, before the energy is dissipated.

4 Summary
The atmosphere strongly constrains astronomical observations across a large range of physical scales. However, observa-
tional and modelling products are available today which considerably aid site selection and site monitoring. More detailed
comparisons with the available on-site observations are compulsory to validate such models.
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