
Chapter I.1
Principles of Radiometric Remote Sensing
of the Troposphere

Domenico Cimini and Ed R. Westwater

1 Introduction

Surface-based radiometric measurements of natural radiation are useful in a vari-
ety of applications, including planetary energy budget, meteorological observations
and forecasting, climate benchmarking and model parameterization, satellite vali-
dation, and fundamental physics. One reason for the utility of these measurements
is that with careful design, radiometers can be operated in a long-term unattended
mode in nearly all weather conditions (Hogg et al., 1983; Philippona et al., 1995;
Knuteson et al., 2004a, b). An important feature is the nearly continuous obser-
vational capability on time scales of seconds to minutes. The measurements with
calibrated radiometers can enable the continued development of absorption and
radiative transfer models in both clear (Liebe, 1989; Rosenkranz, 1998; Clough
et al., 2005), cloudy (Liebe et al., 1991), and precipitating (Marzano et al., 2005;
Battaglia et al., 2009) atmospheres. In addition, the continued development of
retrieval and data assimilation algorithms (Clothiaux et al., 2000; Rodgers, 2000)
provides more accurate and new products, combining radiometric observations with
external data sources, such as forecasts or soundings from active sensors. This con-
tribution gives an overview of some applications of ground-based radiometry in the
electromagnetic spectrum from the visible (VIS) to microwave (MW) ranges for the
remote sensing of troposphere.

2 Physical Principles

Passive ground-based remote sensing instruments rely on measurements of solar
radiation transmitted through the atmosphere and of thermal radiation, both infrared
and microwave, emitted by the atmosphere. The basic ideas of natural emission
of electromagnetic (EM) radiation and radiative transfer are given in Liou (1980),
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Goody and Yung (1995), and Petty (2006) and their application to radiometric
remote sensing is outlined in Elachi (1987) and Stephens (1994).

The radiatively significant atmospheric constituents are gas molecules, aerosol
particles, and water in the form of cloud droplets, ice crystals, and precipita-
tion. Because the transmission and emission depend on specific properties of the
atmosphere, one can use these passive measurements to analyze the state of the
atmosphere.

2.1 Radiation Quantities

Several quantities are commonly used to describe and quantify the main properties
of EM radiation; these are summarized herewith with the corresponding physical
units in the International Standard System. The energy carried by an EM wave is
called radiant energy [Joule]; the time rate at which radiant energy passes a certain
location is called wave power or radiant flux [Watt]. The wave power or radiant flux
intercepted by a unit area of a plane surface is the radiant flux density [W/m2] but
it is usually called irradiance for flux incident upon the surface or emittance for flux
leaving the surface. The radiant flux density illuminating (irradiance) or emerging
from (emittance) an extended object in a given direction per unit projected area
is called radiation intensity [W/m2 st], which is often called radiance. Thus, the
radiance expresses the EM wave power per unit projected area per unit solid angle.
All the radiation quantities have equivalent spectral quantities, which are function of
the EM wavelength, describing each quantity in a given wavelength interval, called
spectral width or bandwidth. For example, the spectral radiance expresses the EM
wave power per unit projected area per unit solid angle per unit wavelength interval
[W/m2 st m].

2.2 Extinction, Transmission, and Emission

When a monochromatic EM wave propagates through an homogeneous medium,
it interacts with matter. The radiation may be attenuated by the absorption from
the medium (conversion of radiation energy into heat or chemical energy) or scat-
tered (redirection of radiation out of the original direction of propagation). The
residual radiation at any point of the medium is called the transmitted radiation
up to that point. However, the medium may also enhance the radiation intensity by
thermal emission (conversion of thermal or chemical energy into radiation energy)
or by scattering (redirection of isotropic radiation into the considered direction of
propagation).

For energy conservation, the sum of the absorbed, transmitted, and scattered
radiation energy must be equal to the incident energy. Thus, calling Ii the inci-
dent radiant flux intensity and Ia, Is, and It the radiant flux intensity as absorbed,
scattered, and transmitted by the medium, respectively, then

Ia + Is + It = Ii. (1)
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This equation can be written in terms of the unitless quantities absorptance A,
reflectance R (in analogy with a reflecting surface), and transmittance T, just by
diving for Ii:

A + R + T = 1. (2)

2.2.1 Atmospheric Extinction

Consider the passage of radiation of wavelength λ through a infinitesimal layer of
air ds, measured along the direction of propagation. If the intensity is initially I, and
calling βe the extinction coefficient, then the reduction in I due to extinction is

dIe = −βeIds. (3)

The relative contributions of scattering and absorption to the total extinction are
given by the additive scattering and absorption coefficients:

βe = βa + βs, (4)

while the relative importance of scattering versus absorption is given by the single
scattering albedo, defined as

ω = βs/βe = βs/(βa + βs). (5)

In the equations above, it is the extinction coefficient βe that links absorption and
scattering to the composition of the atmosphere.

Gaseous Absorption

When the radiant energy is absorbed/emitted by a gas molecule, there must be a cor-
responding increase/decrease of its internal energy. In particular, the internal energy
may change in the presence of a change in translational kinetic energy, rotational
kinetic energy, vibrational energy, and/or distribution of electric charge within the
molecules.

The energy carried by photons in the EM spectrum considered here covers the
range from 10−23 J at microwaves to 10−18 J at the ultraviolet (UV) edge. Therefore,
different wavelength bands lead to different types of transitions, associated with
different modes of energy storage. For example, transitions between rotational states
usually involve low-energy photons, i.e., infrared (IR) and MW, because rotational
states of most molecules are close in energy. Low-energy transitions often occur
simultaneously with higher energy transitions, giving a fine scale structure to the
total absorption spectrum.

– Rotational transitions may occur in the interaction of an EM wave with molecules
possessing either a magnetic or a electric dipole, so that the externally applied
magnetic field can exert a torque on the molecule. Thus, atmospheric molecules
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that present neither an electric nor a magnetic dipole (such as N2) have no
rotational spectrum. Rotational absorption bands are associated with low-energy
transition and thus are located in the far infrared to microwave spectrum. Oxygen
has no electric dipole but it does have a permanent magnetic dipole moment,
which causes rotational absorption bands at 60 and 118 GHz. All other atmo-
spheric molecules exhibit permanent electric dipole and thus rotational absorption
bands.

– Vibrational transitions are associated with considerably larger energies than rota-
tional transition, giving rise to absorption/emission lines in the thermal and
near IR bands. However, vibrational and rotational transitions may occur simul-
taneously, resulting in a more complex absorption spectrum, with additional
transitions slightly more or less energetic than that of a pure vibrational transition.

– Electronic transitions happen when a photon is absorbed/emitted in associa-
tion with an electron changing its orbit in the molecule. For the EM spectrum
considered here, typically the outermost electrons are of interest, since transi-
tions between the ground state and the first excited state are associated with
wavelengths in the near IR, visible, and UV bands.

The combination of all three modes of excitation leads to a set of discrete energy lev-
els forming the total absorption line spectrum. In addition, there are three distinct
processes, whose relative importance depends on local environmental conditions,
that cause the broadening of the line absorption, permitting a given atmospheric con-
stituent to absorb radiation not only at the nominal wavelength but also in an interval
around it. These three processes are natural, Doppler, and pressure broadening.

– The natural broadening is a consequence of the Heisenberg uncertainty principle;
it is negligible compared to the other two throughout most of the atmosphere.

– The Doppler broadening is caused by the translational motions of individ-
ual molecules which slightly shift the transitions wavelengths randomly. This
broadening becomes important in the upper atmosphere only.

– The pressure broadening is caused by the collisions between molecules which
perturb the natural transitions between energy states. The pressure broadening is
the primary mechanism in the troposphere, where collisions occur with very high
frequency.

For the purpose of this overview, the pressure broadening is usually described ade-
quately by the Lorentz line shape. Note that the Lorentz line shape is known to
underestimate the effect of the far wings contributions. Another limitation is that
the Lorentz model is only valid when the line width is very small compared to the
center frequency. Thus, in the microwave band, the preferred line model is the van
Vlack–Weisskopf function (Petty, 2006). An example of the pressure broadening
effect on line absorption is evident on the rotovibrational oxygen complex from 50
to 70 GHz; individual lines are evident for pressure below 100 mb, while they form
a nearly continuous absorption band at surface pressures.

Outside the major resonant absorption lines some level of absorption is generally
found that does not exhibit line-like structure. This feature is known as continuum
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absorption (since it varies slowly with wavelength) and results from three causes:
photoionization, photodissociation, and longwave continuum absorption. The first
two affect primarily the short wavelength edge (UV) of the considered spectrum
and refer to high energetic photons that can extract an electron from an atom (ion-
ization) or break a molecule (dissociation). The third cause affects spectral windows
throughout the IR and MW regions and it is due primarily to water vapor. Although
its mechanism is not completely understood, it is probably due to a combination
of the far wing contributions of shorter wavelength lines and/or to the formation
of H2O molecule clusters that exhibit far more complex vibrational and rotational
transitions (which tend to a continuum) than the isolated molecules.

Atmospheric Scattering

Apart from the atmospheric absorption, the extinction of radiation propagating in
atmosphere happens through scattering of radiation. In order to formulate quantita-
tively the effect of scattering, the angular distribution of the scattered radiation must
be specified. This is described by the scattering phase function p(cos α) where α is
the angle between the incident and scatted radiation. The simplest case is when the
scattering is isotropic, then p(cos α) = constant. In general, the phase function can
be written as a series of Legendre polynomials and is often rather complex. For prac-
tical applications it is useful to introduce the asymmetry parameter g, which may be
interpreted as the average value of cos αfor a large value of scattered photons, as

g = 1

4π

∫

4π

p(cos α) cos αd�. (6)

Note that −1 ≤ g ≤ 1 and in general g > 0 implies preferential scattering in
the forward direction, g < 0 implies scattering in the backward direction, while
g = 0 corresponds to isotropic scattering. In terms of g, the phase function may be
modeled with the Henyey–Greenstein phase function

pHG (cos α) = 1 − g2

(1 + g2 − 2 g cos α)3/2
. (7)

Any atmospheric constituent (gas and particles) may be seen as a scatterer of EM
radiation, strongly depending on its size, shape, and composition. It is usually useful
to introduce the nondimensional size parameter:

x = 2πr

λ
(8)

in which r is the radius of a spherical particle or of a sphere having the same volume
of the particle. This assumption is usually appropriate for most of the atmospheric
constituents, such as molecules, cloud droplets, and rain, but it is rather crude for
ice crystals, snowflakes, and solid-phase aerosols. In general, particles that are far
smaller than the wavelength will scatter only weakly (though they may still absorb
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Fig. I.1.1 Relationship between particle size, radiation wavelength, and scattering behavior
(adapted from Petty, 2006)

radiation). On the other hand, particles that are very large compared to the wave-
length of radiation will interact with radiation following the laws of geometric optics
for homogeneous media. For other particles falling in between the two extremes
above, more complex methods are needed to compute their scattering properties.
Given the size of a particle and the incident wavelength (and thus, the value of x),
it can be readily determined whether scattering is likely to be significant and which
scattering regime is most applicable (Rayleigh, Mie, or geometric optics), as pic-
tured in Fig. I.1.1. Finally, the particle composition affects the scattering properties
through the relative index of refraction with respect to air, which in turn is a function
of wavelength.

Scattering by Atmospheric Molecules

In clear air, i.e., in the absence of clouds and aerosols, it is mostly absorption by gas
that controls the atmospheric extinction. However, at shorter wavelengths (visible
and UV), air molecules can significantly scatter radiation.

When a particle is sufficiently small relative to incident wavelength, i.e.,
x<<1, the whole particle experiences simultaneously the same externally imposed
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oscillating electric field and becomes partially polarized. This corresponds to the
classical model for interpreting the Rayleigh scattering, which leads to the following
phase function and scattered intensity:

p(cos α) = 3

4
(1 + cos2 α), (9)

I ∝ 1

λ4
(1 − sin2 α cos2 ϕ), (10)

where ϕ is the polar angle of the incident radiation taken from an arbitrary starting
direction. Thus, in the Rayleigh scattering regime the intensity of scattered radiation
is inversely proportional to the fourth power of the radiation wavelength. Calling m
the relative refraction index of the particle with respect to the surrounding medium,
the absorption and scattering efficiencies, respectively, are

Qa = 4x�
(

m2 − 1

m2 + 2

)
, (11)

Qs = 8

3
x4

∣∣∣∣m2 − 1

m2 + 2

∣∣∣∣
2

, (12)

where � indicates the imaginary part of a complex number. Noting that Qa is
proportional to x while Qs to x4, it follows that for sufficiently small parti-
cles, like molecules, assuming a complex relative index of refraction (otherwise
Qe = 0), Qs << Qa ∼ Qe. Therefore, for sufficiently small particles with com-
plex refractive index, scattering is negligible and absorption is proportional to mass
path only. As sketched in Fig. I.1.1, atmospheric molecules exhibit negligible scat-
tering for wavelength longer than visible and exhibit Rayleigh scattering in the
visible-to-UV range.

Scattering and Absorption by Atmospheric Particles

In addition to the gas molecules, there is a large variety of particles floating in the
atmosphere, including cloud droplets, ice crystals, rain drops, snowflakes, smoke,
dust, and pollen. The typical size of these particles ranges from fraction of a microm-
eter to a few centimeters. Depending on the size and composition these particles can
scatter and/or absorb radiation. The rigorous theory of Mie can be used for dielec-
tric spheres of arbitrary size, which leads to the following absorption and scattering
efficiencies:

Qe = 2

x2

∞∑
n=1

(2n + 1)�(an + bn), (13)

Qs = 2

x2

∞∑
n=1

(2n + 1)
(
|an|2 + |bn|2

)
, (14)
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where � indicates the real part of a complex number and the coefficients an and bn

are referred to as Mie scattering coefficients, which are functions of x and m.
For x = 0, the asymmetry parameter g is also zero, as in the Rayleigh regime. As

x increases, g increases very rapidly up to a plateau at about 0.8–0.95; this indicates
that particles comparable to or larger than the wavelength tend to strongly forward
scattering. The Mie solution yields results that converge to the geometric optics for
large x values (i.e., >50) and to Rayleigh solution for small x values (<0.6).

For any particle type, usually there will be a combination of sizes given by the
particle size distribution function n(r) (number of particles of radius r per unit vol-
ume of air). The volume extinction coefficient (and analogously for the scattering
and absorption coefficients) for the distribution of particles described by n(r) is

βe =
∞∫

0

n(r)Qe(r)πr2dr. (15)

As sketched in Fig. I.1.1, the Rayleigh regime is valid at microwave wavelengths
for particles as large as raindrops. In the Rayleigh regime, a cloud behaves like an
homogeneous medium rather than a collection of discrete scatterers. Clouds in the
visible band strongly scatter sunlight but absorb very little, practically zero. Smoke
on the other hand absorbs strongly visible radiation.

2.2.2 Atmospheric Transmission

The fall off of the radiation intensity at wavelength λ as a function of the geometric
distance along an arbitrary propagation direction s can be expressed as

Iλ(s) = Iλ(0) exp(−βe(λ)s). (16)

Considering an infinitesimal distance ds over which the extinction coefficient
may be assumed constant, the equation above leads to Eq.(3), rewritten here as

dIλ(s) = −Iλ(s)βe(λ, s)ds. (17)

By integrating we obtain a general form of the Beer’s law:

Iλ(sb) = Iλ(sa) exp

⎛
⎝−

sb∫

sa

βe(λ, s)ds

⎞
⎠ . (18)

The integral quantity is called the optical depth (or thickness) τλ from which we
obtain the atmospheric transmittance:

Tλ(sa, sb) = e−τλ(sa,sb). (19)
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In a plane parallel approximation of the atmosphere, which assumes that the
extinction coefficient depends only on the vertical distance z, the optical thickness
becomes

τλ(za, zb) =
zb∫

za

βe(λ, z)dz (20)

and the transmission for the radiation propagating with direction μ ≡ |cos ϑ |, where
ϑ is the angle of propagation relative to the zenith direction, is

Tλ(za, zb) = exp

(
−τλ(za, zb)

μ

)
. (21)

The atmosphere is composed of a mixture of gases and particles (hydromete-
ors and aerosols) which have the capacity to absorb and/or scatter radiation in
different ways at different spectral bands. In general, both absorption and scatter-
ing concur in attenuating the radiation traveling through the atmosphere. The total
volume extinction coefficient (and analogously for the scattering and absorption
coefficients) for the atmosphere is the sum of the corresponding coefficients for the
individual components βe(λ) = ∑

i
βe,i(λ), where i indicates the ith constituent.

The overall transmittance of the cloud-free and aerosols-free atmosphere is con-
trolled primarily by absorption due to constituent gases. In fact, in the absence
of particles in the atmosphere, the extinction is largely dominated by the gaseous
absorption; however, at visible and shorter wavelengths, air molecules significantly
scatter the EM radiation. The scattering cross section is approximately propor-
tional to λ4 and thus it is stronger in the UV while becomes almost negligible
in the IR.

The characteristics of cloud-free and aerosols-free atmospheric transmission for
the EM spectrum from UV to MW are shown in Fig. I.1.2. Note that the trans-
mittance was computed for a standard mid-latitude atmosphere; in a much drier
(moister, respectively) environment the water vapor amount would be much less
(more) so that the atmosphere would be substantially more (less) transparent in the
H2O absorption bands. Starting in the UV band, we see that the atmosphere is almost
completely opaque to radiation with λ < 0.3 μm, due to oxygen and ozone absorp-
tion. Conversely, the atmosphere is quite transparent throughout most of the visible
band (0.4 < λ < 0.7 μm). From 0.7 to 4 μm, in the near IR (NIR) and shortwave
IR (SWIR) regions, the atmosphere presents many features due to the absorption of
mostly water vapor (WV) and in less extent CO2, CH4, N2O. Through the thermal
IR (TIR) band, from 4 to 50 μm, the atmosphere presents broad bands of near-total
absorption due to CO2 (near 4 μm), H2O (from 5 to 8 μm), ozone (near 9.6 μm),
and again CO2 (λ >13 μm) as well as fairly transparent bands, so-called atmo-
spheric windows (8–13 μm). From 50 μm to 1 mm, the far IR range, the atmosphere
is almost completely opaque due to the strong absorption of H2O. At longer wave-
lengths, in the microwave region from 1 to 100 mm (300 to 3 GHz), the atmospheric
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Fig. I.1.2 Transmission of cloud-free and aerosols-free atmosphere from the UV to the MW range.
Calculations were made with a line-by-line radiative transfer code for a standard mid-latitude
atmosphere (adapted from Elachi, 1987; data courtesy of Tiziano Maestri, University of Bologna)

absorption is dominated by water vapor and oxygen contributions. In particular, the
atmosphere is increasingly transparent with longer wavelengths, due to the wing of
strong WV absorption in the far IR, except that WV presents selective absorption
near 183 and 22 GHz (λ∼1 and 10 mm, respectively), while oxygen near 120 GHz
(λ∼2.5 mm) and from 50 to 70 GHz (λ∼5 mm). Then, the atmosphere becomes
nearly transparent for λ > 15 mm (20 GHz).

In the presence of particles (such as aerosols and/or hydrometeors forming
clouds), their contribution to the extinction is a combination of both absorption and
scattering which strongly depends on the size, composition, and chemical–physical
properties of the particle.

Aerosols’ optical depths are usually less than a tenth of unit and only reach
comparatively large values (unity or greater) in case of smoke, dust storms, and
severe pollution events. Conversely, clouds may easily achieve large optical depths.
The contribution of clouds to extinction is almost purely scattering at shorter wave-
lengths, while it becomes strongly absorbing in the IR range. At longer wavelengths,
the scattering contribution tends to become negligible, and also the absorption
decreases substantially, so that clouds in the microwave region are rather, but not
completely, transparent.
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2.2.3 Atmospheric Emission

From the concept of an ideal black body and Kirchoff’s law, it is known that the
emission from a black body depends only on its temperature and that the higher
the temperature of the body, the more is its emission. The spectral distribution of
a blackbody emission is given by the Planck’s law, which expresses the radiance
Bλ(T) emitted from a blackbody at temperature T and wavelength λ as

Bλ(T) = 2hc2

λ5

1

(exp(hc/λkT) − 1)
, (22)

where h and k are the Planck’s and Boltzmann’s constants, respectively. From simple
consideration about Kirchoff’s law, it is known that atmosphere both absorbs and
emits radiation. Therefore, the same thin layer of ds thickness discussed above will
emit radiation as

dIemit = −dIa = βaBds, (23)

where we drop the wavelength λ index for convenience and thus B indicates the
Planck function Bλ(T). The net change in radiant intensity at the boundaries of the
thin layer is given by the Schwartzschild’s equation:

dI

ds
= βa(B − I). (24)

This equation represents a fundamental description of radiative transfer equa-
tion (RTE) in a non-scattering medium, which is a reasonable approach for most of
the problems involving IR and MW. This equation can be solved for the intensity
reaching a sensor looking at a particular direction of propagation:

I(0) = I(τ )e−τ +
τ∫

o

Be−τ dτ . (25)

Considering the case of a plane parallel non-scattering atmosphere and a sensor
located at the surface, the RTE can be written as

I↓(0) = I↓(∞)e−τ (0,∞)/μ +
∞∫

o

B(z)
βa(z)

μ
e−τ (0,z)dz, (26)

where z = ∞ represents an arbitrary point beyond the top of the atmosphere. For
sensors sensitive to flux rather than intensity, the flux at the surface is obtained
simply by integrating the intensity over one hemisphere of solid angle:
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F↓(0) = 2π

1∫

0

I↓(0, μ)μdμ. (27)

Finally, one may take this equation and simply integrate over wavelength to
obtain broadband radiative flux at surface.

2.2.4 Radiative Transfer with Scattering

In the case where the atmosphere contains clouds and/or aerosols, the scattering
source term in the radiative transfer equation becomes important; all of the above
interactions, absorption, emission, scattering, and transmission will simultaneously
take place, and their relative importance depends on wavelength, atmospheric com-
position, and the size, shape, and composition of the particles. In the situation
considered here, namely upward-looking radiometers viewing an absorbing and
scattering medium, the equation that relates the primary observable, radiance, to
the atmospheric state becomes:

μ
dI(μ, φ)

dτ
= I(μ, φ) − J(μ, φ). (28)

Here, the source function for both emission and scattering is a weighted sum of
thermal emission and scattering from other directions, the single scattering albedo
controlling the weight assigned to each term:

J(μ, φ) = (1 − ω)B + ω

4π

2π∫

0

1∫

−1

p(μ, φ; μ′, φ′)I(μ′, φ′)dμ′dφ′, (29)

where μ ≡ |cos ϑ |, μ′ ≡ ∣∣cos ϑ ′∣∣, and ϑ , φ, ϑ ′, φ′ are the spherical angular coor-
dinates of the incident and scattered radiation, respectively. Finally, the RTE in the
presence of absorption, emission, and scattering for a plane parallel atmosphere is
given by

μ
dI(μ, φ)

dτ
= I(μ, φ) − (1 − ω)B − ω

4π

2π∫

0

1∫

−1

p(μ, φ; μ′, φ′)I(μ′, φ′)dμ′dφ′. (30)

3 Instrumentation

Radiometer is a generic term used to indicate all the passive instruments measur-
ing radiation. There is a large variety of ground-based radiometric instruments that
are used for atmospheric research and applications. Some instruments work in the
shortwave range (UV to visible), other in the longwave range (IR to MW), some
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instruments observe radiation intensities, other fluxes of radiation, some in broad
other in narrow to quasi-monochromatic bands. This section introduces just a few
of these instruments, selecting those that are treated in the later chapters of this book.
Since some of these are commercially available, we, of course, do not endorse any
particular instrument.

3.1 Calibration

A key issue of radiometric instrument and observations is accurate calibration. In
fact, the naturally emitted signal may be of the same order or even smaller than the
noise emitted by the instrument itself. Thus, to derive quantitative information on
the atmosphere from radiometric measurements, accurate calibration is required.

Some radiometric receivers have one or two internal noise sources that provide
some measure of calibration. However, component losses, lack of complete knowl-
edge of radiometric parameters, and a host of other causes usually dictate that some
external calibration method also be employed. Assuming square law detectors, in
which the output voltage is proportional to the input power, a seemingly straight-
forward calibration method is to view two external blackbody targets that are kept
at two widely separated temperatures. Preferably, the target radiances bracket the
range of radiances emitted from the scene. It is important to construct targets with
high emissivity such that reflections from external sources are negligible and to
have the targets sufficiently large to fill the instrument field of view. Targets are fre-
quently constructed with a surface having high thermal conductivity covered with a
thin layer of very absorbing material. The target is frequently embedded in a thermal
insulator that is transparent to incoming radiation. Finally, when a target is placed in
a thermal environment in which the environmental temperature differs greatly from
desired target temperature, measurements of target temperatures at several locations
within the target are essential.

The use of blackbody targets immersed in cryogenic fluids, such as liquid nitro-
gen (LN2), is another commonly used method of establishing calibration (McGrath
and Hewison, 2001; Cimini et al., 2003c). In this method, a blackbody target is
immersed in the cryogen and the radiometer looks directly at the target. Allowance
for the reflection of the ambient scene must be made, and the reflection coefficient
of the cryogen must also be known.

For radiometers operating at transmission window wavelengths, the so-called tip-
ping curve calibration method (or tipcal) can give a high degree of accuracy. In this
method, brightness temperatures are measured as a function of elevation angle θ

and are then converted to opacity τ (θ ) (Westwater, 1993). If the system is in cali-
bration, then the linear fit of τ (θ ) as a function of optical air mass will pass through
the origin; conversely, if the linear fit does not pass through the origin, then a sin-
gle parameter in the radiometer equation is adjusted until it does. The most serious
errors affecting this method are those caused by non-stratified atmospheric con-
ditions and can occur due to clouds and horizontal variations in the water vapor
field.
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3.2 Pyrometers

The term pyrometer is generally used to indicate a remote sensing device that inter-
cepts and measures broadband thermal radiation; the word pyrometer comes from
the Greek words pyro (fire) and meter (to measure). A pyrometer consists of an opti-
cal system and a detector. The optical system focuses the thermal radiation onto the
detector. The output signal of the detector is related to the irradiance [W/m2] of the
target through the Stefan–Boltzmann law. Depending on the range of wavelengths
they are sensitive to, pyrometers may be used to measure direct and/or diffuse visi-
ble radiation, atmospheric, or ground IR radiation or to determine the temperature of
an object’s surface; in all these cases, the instruments acquire more specific names,
as discussed below.

3.2.1 Pyrgeometer

A pyrgeometer is a device that measures the irradiance investing a plane sur-
face detector and emitted by the Earth (geo in Greek) in a broad IR band that
extends approximately from 4.5 to 100 μm. This is commonly used for measur-
ing the incoming thermal radiation from the sky and clouds or the outgoing thermal
radiation from the ground. The pyrgeometer thermopile detector measures the net
radiation balance between the incoming and outgoing longwave radiation flux and
converts it to a voltage according to Enet = U/S where Enet is the net radiation at
sensor surface [W/m2], U is the thermopile output voltage [V], and S is the sensitiv-
ity/calibration factor of instrument [V/W/m2]. The value for S is determined during
calibration of the instrument, which is performed at the production factory with a
reference instrument traceable to a regional calibration center.

To derive the absolute downward longwave flux, the temperature of the pyrge-
ometer has to be taken into account. It is measured using a temperature sensor inside
the instrument, near the cold junctions of the thermopile, and assuming the pyrge-
ometer to approximate a black body. Thus, it emits longwave radiation according
to Eout=σ ·T4, where Eout is the longwave radiation emitted by the Earth’s surface
[W/m2], σ is the Stefan–Boltzmann constant [W/(m2K4)], and T is the absolute
temperature of pyrgeometer detector [K]. From the calculations above the incoming
longwave radiation can be derived. This is usually done by rearranging the equations
above to yield the so-called pyrgeometer equation:

Ein = U/S + σT4. (31)

As a result, the detected voltage and instrument temperature yield the total global
longwave downward radiation.

Finally, the net longwave radiation can be calculated using two pyrgeometers,
one looking up and one looking down, ideally mounted on the same plate such that
the temperature of the pyrgeometers is the same and is irrelevant for the net radiation
calculation.
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3.2.2 Pyranometer

A pyranometer is a device used to measure broadband visible irradiance coming
from the sky (ano in Greek) on a planar surface from a field of view of 180◦.
This irradiance contains of course both direct and diffuse solar radiation in a range
extending approximately from 0.3 to 2.8 μm. Similarly to pyrgeometers, with two
pyranometers, one pointing at zenith the other at nadir, it is possible to measure the
net shortwave radiation: the upper sensor measures incoming global solar radiation
and the lower sensor measures solar radiation reflected from the surface below.

Converting the two signal outputs to irradiance [W/m2], the surface albedo (Ir/Ii)
can be simply calculated; therefore such a system is also called albedometer.

3.2.3 Pyrheliometer

A pyrheliometer is an instrument designed specifically to measure the normal inci-
dence direct beam solar irradiance. This is achieved by the shape of the collimation
tube, always pointing orthogonally to the radiation beam the sun disk with a field
of view limited to 5◦, and by the quartz window acting as a filter that passes solar
radiation only between 0.2 and 4 μm.

3.2.4 Infrared Thermometers

Instruments capable of measuring thermal radiation from an object and providing
an output signal calibrated in temperature units are called radiation thermometers.
In accordance with Planck’s law, the radiances are clearly related to the tempera-
tures, provided the relative spectral response is known. The output signal of a linear
detector is proportional to the measured radiance, and thus it is possible to calibrate
the output signal in temperature units (i.e., Kelvin).

A radiation thermometer measuring the radiance in an IR broad band is called IR
thermometer (IRT). It provides measurements of the equivalent blackbody bright-
ness temperature of the scene in its field of view. In this contest, IR thermometers
are used to measure either the radiating temperature of the ground surface or the sky
temperature in a given direction for detecting the presence of clouds. For calibration
purposes, the IRT is placed in front of a blackbody calibration source (with known
and high emissivity) whose temperature must be measured by means of a calibrated
probe.

3.2.5 Examples

Kipp & Zonen CN1

Kipp & Zonen (http://www.kippzonen.com/) is marketing a range of net radiome-
ters for the measurement of incoming and outgoing short- and longwave radiation.
Moreover, Kipp & Zonen offers a variety of broadband radiometers measuring ther-
mal radiation. All types are virtually maintenance-free and designed for continuous
outdoor use. The main applications are in agrometeorology (evapo-transpiration and
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Fig. I.1.3 Picture of the Kipp & Zonen CNR 1 net radiometer (right) and the MT5 microwave
radiometer (left) during the outdoor deployment at ISSAOS 2007 in L’Aquila

crop damage prevention) and in climatology, meteorology, and hydrology for mea-
surement of the radiation balance, and in renewable energy industry (heat exchange
in thermal solar systems). The CNR 1 is a net radiometer combining two thermopile
pyranometers for shortwave radiation measurements (including incoming solar radi-
ation, reflected radiation, albedo, radiation balance) with two pyrgeometers for far
infrared measurements (sky radiation, ground surface radiation, radiation balance)
providing four separate signal outputs. The CNR 1 is very accurate and reliable and
it is often used as the reference instrument for a network of lower performance net
radiometers. A picture of the CNR 1 net radiometer deployed during the outdoor
lectures at ISSAOS 2007 is shown in Fig. I.1.3.

3.3 Microwave Radiometers

A device measuring radiant intensity in discrete bands in the wavelength range
from 10 cm to 0.5 mm is called a microwave radiometer (MWR). The MWRs
commonly deployed for remote sensing of the troposphere use either single or
multi-channel with frequency in the range between 10 and 400 GHz. The calibra-
tion of MWR relies on opportune combinations of internal noise sources, external
targets, cryogenic loads, and tipping curve methods (Cimini et al., 2007a). The
major advantage of microwave remote sensing is that even in the presence of thick
clouds, fog, or drizzle, thermodynamical properties of the atmosphere can be deter-
mined with good accuracy. In the last decade, since it was recognized that the
implementation of operational networks of microwave radiometers was hampered
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by the cost and complexity of the available instruments, a major objective has been
to develop network-suitable low-cost and robust microwave radiometers. A short
list of commercially available and commonly used MWR is given hereafter. More
information on the hardware design, observations techniques, and applications of
MWR is available in Janssen (1993) and Westwater et al. (2005).

3.3.1 Single-Channel Temperature Profiler

A single-channel MWR can be used for the retrieval of atmospheric temperature
profiles in the atmospheric boundary layer (ABL) from 0 to 600 m above ground
level. The technique consists of measuring atmospheric emission at different angles
in a wavelength band that exhibits relatively high atmospheric attenuation. Usually
this kind of MWRs operates near the peak of the strong oxygen band at 60 GHz
(wavelength 5 mm). From the downwelling radiation at different elevation angles we
can retrieve atmospheric air temperature gradients with respect to horizontal air tem-
perature. In fact, the radiation in the horizontal direction can be used as a reference
level since the brightness temperature (Tb) is essentially equal to the air temper-
ature at the measurement height. Thus, an accurate air temperature measurement
provides a calibration of the radiometer offset. The versatility and the robustness of
the technique outline the potential of these instruments as a useful tool for integrated
ground-based remote sensing systems.

3.3.2 Multi-Channel Temperature and Humidity Profilers

Atmospheric temperature and humidity profiles can be retrieved by multi-channel
MWR observations. The set of channels is selected to observe atmospheric bright-
ness temperatures in few frequency bands from 22 to 30 GHz, sensitive to water
vapor and liquid water, and in few other bands from 51 to 59 GHz, sensitive to air
temperature (Solheim et al., 1998; Ware et al., 2003; Rose et al., 2005).

MWR operating at higher frequencies (50–400 GHz) has been demonstrated
to provide enhanced sensitivity and accuracy in the retrieval of humidity profiles
in extremely dry environments (Cimini et al., 2007a). These instruments typically
observe brightness temperatures in few channels from 51 to 59 GHz, sensitive to air
temperature, few other channels around the 183.31 and/or 380.2 GHz water vapor
absorption lines, plus few more channels in atmospheric windows, as at 90, 150,
and 340 GHz.

3.3.3 Examples

Kipp & Zonen MTP5

Kipp & Zonen (http://www.kippandzonen.com) is marketing a radiometer that was
originally designed and deployed by the Russian firm ATTEX (Kadygrov and
Pick, 1998; Westwater et al., 1999). The radiometer is a single-channel (60 GHz)
solid-state Dicke-type super-heterodyne receiver that is electronically chopped at
1 KHz between the sky and a reference noise source. The antenna is a scalar
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horn with a full-width-half-power (FWHP) beam width of 6º and scans by view-
ing a flat reflector at each of 11 scanning angles. Because of the 2 GHz bandwidth
and a low receiver noise temperature of 600 K, a high sensitivity of 0.04 K is
achieved. Calibration of the receiver is achieved by 0.1◦C temperature control and
a switched internal noise generator. A one-point absolute calibration is achieved
either by viewing an external target or by knowing the emission temperature in the
horizontal direction. A variation of this radiometer, developed at NOAA, scans con-
tinuously in a 360º vertical plane and, in addition to temperature profiles, can also be
used to measure air–sea temperature difference (Trokhimovski et al., 1998; Cimini
et al., 2003a–c). A picture of the MTP5 microwave radiometer deployed during the
outdoor lectures at ISSAOS 2007 is shown in Fig. I.1.3.

Radiometrics MP-3000

Radiometrics Corporation (http://www.radiometrics.com) has developed a multi-
frequency microwave radiometer that is based on a highly stable, tunable, and
synthesized local oscillator in the receiver. This design overcomes errors caused
by receiver frequency drift while allowing observation of a large number of fre-
quencies across wide tuning ranges (currently 35). The total power receiver has a
highly stable noise diode that is used as a gain reference. It also measures zenith
infrared temperature, surface temperature, humidity, and pressure. The instrument
is portable and has automated elevation- and azimuth-scanning capability, and the
observation interval can be as short as several seconds (Fig. I.1.4).

Fig. I.1.4 Picture of the Radiometrics MP-3000A, a multi-channel MWR for temperature and
humidity profiling
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RPG-HATPRO

The Radiometer Physics GmbH (http://www.radiometer-physics.de) is commercial-
izing a 14-channel humidity and temperature profiler (RPG-HATPRO) from 22 to
60 GHz. The RPG-HATPRO comprises total-power radiometers utilizing direct
detection receivers at all frequencies. The receivers of each frequency band are
designed as filter banks in order to acquire each frequency channel in parallel. This
approach avoids problems that might arise from mixers or local oscillators and pos-
sible interferences caused by communication systems that frequently operate near
the IF frequencies. In addition, the flexibility to adjust each channel bandwidth indi-
vidually allows for optimizing temperature profiling for both boundary layer and
full troposphere.

3.4 Infrared Interferometers

A spectrometer in general is a device that measures radiant intensity as a function
of wavelength. Fourier transform infrared (FTIR) spectroscopy is a passive tech-
nique for the observations of thermal radiation with high spectral resolution. FTIR
radiometers measure the absolute infrared spectral radiance (W/m2 st cm–1) of the
sky with a spectral range of typically 500–3,000 cm–1 (wavelength ∼20–30 μm),
a spectral resolution of the order of 1.0 cm−1, and an instrument field of view of
about 1◦–2◦. The instrument core is a Michelson interferometer, which allows the
downwelling atmospheric emission in the entire bandwidth to be viewed simulta-
neously. Thus, FTIR spectrometers measure the interferogram of the EM spectrum
of interest and a fast Fourier transform of the measured interferogram then yields
the radiance spectrum. The advantages of the interferometric approach with respect
to other spectral-resolving techniques (such as filters, grids) are multifold and can
be summarized in the delivery of fast, simultaneous, fine, and accurately resolved
radiance spectra.

Spectra observed from two blackbodies at known temperatures are used to cal-
ibrate the atmospheric spectrum (Revercomb et al., 2003). Two well-characterized
blackbody targets are used, and a rotating gold-plated scene mirror is used to direct
radiation from the target (either the sky or one of the blackbodies) into the interfer-
ometer. Collection of each spectrum takes few seconds, but averaging is performed
to reduce random noise. Calibrated atmospheric spectra are typically available every
few minutes (5 to 15), though rapid sampling mode is also available at 1 min tem-
poral resolution (Demirgian and Dedecker, 2005). To estimate the uncertainty in
the FTIR observation, uncertainties in the blackbody temperatures and emissivities
must be propagated via the linear calibration equation to derive a root sum of square
error in the observed spectrum (Knuteson et al., 2004b). The calibration procedure
also accounts for detector nonlinearity, spectral calibration, including the removal
of interferometer self-apodization effects and spectral scale normalization. Typical
residuals of a side-by-side comparison of two instruments show radiance differences
smaller than 0.5 mW/ m2 st cm–1.
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In the last 2 decades, significant efforts have been spent for advancing FTIR
interferometers toward an unattended instrument for 24/7 deployment. This require-
ment for 24/7 unattended operation leads to the implementation of hardware (e.g.,
mechanical coolers) and robust software. The state-of-the-art of operational FTIR
has demonstrated radiometric accuracy of better than 1% of ambient radiance, with
a reproducibility of better than 0.2%. The spectral calibration is known to be better
than 1.5 ppm using known spectral positions of atmospheric lines.

The measured atmospheric IR spectra have a variety of applications, including
the evaluation of line-by-line radiative transfer codes (Tobin et al., 1999), cloud
and aerosol detection and quantification (Turner et al., 2003a), and the retrieval of
vertical profiles of temperature and water vapor in the atmospheric boundary layer
(Feltz et al., 2003).

3.4.1 Examples

AERI

The atmospheric emitted radiance interferometer (AERI) is a fully automated,
ground-based, passive interferometer that measures high spectral resolution down-
welling infrared radiance from 500 to 3,000 cm−1 (19–3.3 μm), developed by
the University of Wisconsin—Madison (Revercomb et al., 2003). An extended
range (ER) unit, reaching 25 μm (400 cm−1), was developed for the study of the
extremely dry atmosphere typical of the poles. The maximum optical path delay is
approximately ±1 cm, resulting in a maximum unapodized spectral resolution of
0.5 cm−1.

The calibration goal for the AERI is to observe downwelling atmospheric radi-
ance with an accuracy of better than 1% of the ambient (near surface) radiance
(Revercomb et al., 1993). The blackbodies are high-emissivity (greater than 0.995)
targets that contain accurate National Institute of Standards and Technology (NIST)
traceable temperature sensors. The temperature of one of the blackbodies is fixed
at 60◦C, while the other is allowed to float at the ambient temperature. One of
the advantages to using an ambient calibration target is that much of the emis-
sion measured by the AERI is from the atmosphere very close to the instrument.
Therefore, the calibration error is very small for temperatures very near the surface
temperature.

More details on the AERI instrument, calibration, and the uncertainties in its
observations are provided by Knuteson et al. (2004a, b). AERI observations are
routinely acquired at ARM sites in tropical, mid-latitude, and Arctic environments.

EISAR

The emission infrared spectrometer for atmospheric research (EISAR) belongs to
the German Meteorological Service (DWD) and it is used for routine observations
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at the Lindenberg Meteorological Observatory as part of their atmospheric long-
term monitoring commitment (Reichardt and Güldner, 2009). Its detector offers an
effective spectral range from 600 to 3,000 cm−1 with a maximum spectral resolution
of 0.3 cm−1. A typical EISAR observation starts with a view to a calibration wide-
aperture blackbody set to a temperature 5◦C above the dew point, then it performs
a series of sky measurements, and finally it concludes with a view to the blackbody
set to a temperature of about 50◦C. The two blackbody reference spectra are used
to correct the detector nonlinearities and thus to achieve the radiometric precision
of 0.1 K and accuracy of 1.0 K. Calibrated atmospheric spectra are collected once
every 15 min, though a rapid sampling mode is also possible at 1-min resolution.

4 Retrieval Techniques

Techniques to derive meteorological information from radiation measurements are
generally based on the radiative transfer equation (RTE) in Eq. (30) or its lin-
earized perturbation form. Because only a finite number of imperfect radiation
measurements are available, and a continuum of parameters is needed to describe
atmospheric profiles, a rigorous mathematical solution does not exist and the inverse
problem is said to be ill-posed (Twomey, 1977). Therefore, it is better to regard
the measurements as constraints and to blend them with supplementary sources of
information or to drastically reduce the dimensionality of the inverse problem by
projecting the profiles onto their linear functionals. Useful supplementary informa-
tion can be provided by a priori information obtained from past data or by model
simulations.

The RTE can be approximated by a Fredholm integral equation of the first kind
(Rodgers, 2000) and in its discrete form is written as

ge = Kf + ε, (32)

where ge is a vector composed of n measurements, f is an m-vector whose compo-
nents represent the atmospheric parameters that we want to determine, K is an n × m
matrix relating the measurements to the unknowns, and the n-vector ε explicitly
denotes that the measurements have an unknown error component that will affect
the solution to some degree. For mildly nonlinear problems, the perturbation form
expressed is frequently used as the basis of subsequent iterations.

An excellent review article discussing techniques for solving the above Eq. (32)
was written by Rodgers (1976) and further insights are given in Rodgers (2000).
Many retrieval methods are used to solve Eq. (32), and we mention just a few fre-
quently used in ground-based applications: statistical regression (Westwater, 1993),
neural network inversion (Solheim et al., 1998), and Kalman filtering (Han et al.,
1997). Finally, another technique developed in the last decade and of great promise
is to combine radiometer data with a numerical forecast model (Löhnert et al., 2004;
Hewison, 2007; Cimini et al., 2009).
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5 Radiometric Sensing of Atmospheric Variables

This section provides a list of some selected applications of radiometric remote sens-
ing to the monitoring of atmospheric variables that are important for meteorology,
climatology, and weather hazards.

5.1 Energy Balance

The radiative equilibrium temperature of the Earth is determined by the balance
between the energy absorbed from the sun and that emitted by the planet in the
infrared. Climate studies and cloud/radiation interaction require breaking the Earth’s
energy budget down into its components. The radiative balance at the Earth sur-
face is played by broadband shortwave (solar) and longwave (atmospheric/ground)
irradiances with both their downwelling and upwelling components. Therefore, an
integrated station for monitoring the total radiative flux exchange may be assembled

Fig. I.1.5 Top: Observations of shortwave (black) and longwave (grey) downwelling (solid) and
upwelling (dotted) irradiances. Center: Total net irradiance (dotted) and net shortwave (black) and
longwave (grey) irradiances. Bottom: Observations of sky temperature by an IRT indicate that day
246 was mainly cloud-free, while day 247 was prevalently cloudy (data courtesy of the ARM
program)
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using pyranometers, pyrgeometers, and pyrheliometers, providing continuous mea-
surements of as many components as possible:

• Pyrheliometer: direct normal shortwave (solar beam)
• Pyranometers: global horizontal shortwave (total hemispheric), diffuse horizontal

shortwave (no direct component), and upwelling shortwave (reflected)
• Pyrgeometers: downwelling longwave (atmospheric emission) and upwelling

longwave (ground emission)

A time series of observed shortwave and longwave downwelling and upwelling
irradiances at mid-latitude in fall is shown in Fig. I.1.5. The time series is extending
for almost two complete days and thus it shows the diurnal cycle of solar insulation.
Note that the first day was mainly cloud-free while the second day was prevalently
cloudy as confirmed by the corresponding IRT sky temperature. The net shortwave
and longwave irradiances are shown, which contribute to the total net radiation
received by the Earth’s surface; shortwave energy accumulated throughout the day
is released by outgoing longwave radiation during the night. Considering the two
pyranometers, one pointing at zenith the other at nadir, measuring the global short-
wave irradiance it is possible to measure the net shortwave radiation and the surface
albedo (Ir/Ii): the upper sensor measures incoming global solar radiation and the
lower sensor measures solar radiation reflected from the surface below.

5.2 Integrated Contents of Water Vapor and Cloud Liquid Water

Both water vapor and cloud liquid are important variables in meteorology and cli-
mate. Due to thermodynamic processes of evaporation and condensation, as well as
transport by winds, these quantities vary greatly in space and time. Water vapor is
characterized by density as a function of spatial coordinates and time. Water vapor
density is limited, depending on temperature, such that the relative humidity is in
the range of 0–100%.

Dual-frequency measurements of brightness temperature at an optimum fre-
quency near the 22.235 GHz water vapor line and in a transmission window have
been used to measure the integrated water vapor (IWV) and liquid water path (LWP)
for about 25 years (Hogg et al., 1983). This technique relies on the fact that the
two channels respond in substantially different ways to IWV and LWP, so that the
opacity contribution of these constituents can be separated with as little ambiguity
as possible. Indeed, although both channels are sensitive to both IWV and LWP,
the channel near 22.2 GHz has a proportionally larger response to IWV, while the
reverse is true for the window channel. In particular, the water vapor channel is usu-
ally selected at one of the two so-called hinge points (Cimini et al., 2003a–c), where
the pressure (i.e., height) dependence is minimized and thus the radiance is sensi-
tive entirely to the integrated amount. For the retrieval of IWV, the window channel
corrects for the changing LWP in the atmosphere. Similarly, the liquid water path
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can be estimated from atmospheric emission measurements in the microwave region
because in this spectral region, the cloud contribution strongly increases with fre-
quency. For the retrieval of LWP, the channel close to the water vapor absorption
line corrects for the changing water vapor concentration of the atmosphere.

The general accuracy of dual-frequency radiometric measurement of IWV has
been shown to be better than 1 mm rms (Revercomb, 2003). Because of the lack
of in situ measurements of cloud liquid, an adequate experimental evaluation of
LWP over a range of cloud conditions is not available. The estimated accuracy for
LWP retrievals is of the order of 25 g/m2, of which about 10 g/m2 is attributed
to the measurement error while the rest can be attributed to the underdetermined
retrieval problem. An example of IWV and LWP retrievals taken during the 2004
Arctic Winter Radiometric Experiment (Westwater et al., 2004) at the atmospheric
radiation measurement (ARM) site in Alaska is shown in Fig. I.1.6.

The accuracy of IWV and LWP retrievals can be enhanced by using higher fre-
quency channels, typically 90 and 183 GHz, as demonstrated for dry environments
in the Arctic (Cimini et al., 2007b).

Improvements on the dual-channel method can be made with multi-frequency
observations. For example, the additional use of the 90 GHz channel further con-
strains the LWP retrieval problem and improves its accuracy to less than 15 g/m2

Fig. I.1.6 Top: Time series of brightness temperatures from a dual-channel MWR at 23.8 GHz
(black) and 31.4 GHz (grey). Bottom: Corresponding IWV (black) and LWP (grey) (data courtesy
of the ARM program)
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(Crewell and Löhnert, 2003). Another recently developed method relies on the
synergy of MWR and FTIR observations (Turner, 2007).

5.3 Boundary Layer Temperature Profiling from Scanning
Observations

Angular techniques for measuring emission were developed by NOAA in the early
1970s (Westwater et al., 1975), but due to mechanical simplicity, the zenith-viewing
multi-spectral radiometers were commonly deployed. However, in 1992, Russian
scientists developed a scanning single-channel radiometer for routine monitoring of
the boundary layer (Kadygrov and Pick, 1998). From the downwelling radiation at
different elevation angles, atmospheric air temperature profiles can be obtained. As
a simple way of explaining the technique, we know that for a constant absorption
coefficient, for horizontally stratified atmosphere, and for temperature profile that
changes linearly with height, the brightness temperature is equal to the air temper-
ature at the position where the opacity is equal to 1. For more complex profiles, an
inversion method must be used. The vertical resolution of the retrieved profiles is
a function of altitude and ranges from about 10 m near the surface to about 300
m at the 500 m altitude. The retrieval accuracy (rms error) was shown to be better
than 0.5 K below 500 m. Because of the simplicity and portability of the instrument
and its extremely flexible characteristics, it has been used from airborne, ship-, and
ground-based platforms (Westwater et al., 1999; Cimini et al., 2003a–c; Leuskii
et al., 2000). An example of temperature profiles retrieved by such a single-channel
radiometer during the NAURU99 field campaign (Cimini et al., 2003a–c) is shown
in Fig. I.1.7.

Fig. I.1.7 Boundary layer temperature profiles as measured by a radiosonde and retrieved by two
independent single-channel scanning radiometers (left). Temperature residual between retrievals
and radiosonde (center). Two-week time–height time series of temperature profiles (◦C) retrieved
by a single-channel scanning MWR (right) in the tropics
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5.4 Temperature and Humidity Profiling by Multi-Frequency
Observations

Radiometric temperature and humidity profiling can be accomplished by measur-
ing the spectrum of radiation intensity at points along the side of an absorption
line (Westwater et al., 1993). By scanning outward from the band center, where the
opacity is larger, onto the wings of the band, where the radiometer “sees” deeper
(higher) into the atmosphere, altitude information is obtained. Either shoulder of
the band center is suitable for retrieval of temperature and humidity profiles infor-
mation. Emission at any altitude is proportional to local temperature and abundance
of the absorbing gas; channels close to water vapor lines (22.2 GHz, 183.2 GHz)
are then used for humidity profile retrievals, while in case the absorbing gas has
constant concentration, as for example for oxygen, the temperature profile can be
retrieved.

Temperature and humidity profiles are estimated from radiometric observations
by means of inversion methods, relying on a priori information on the statistics of

Fig. I.1.8 Screenshot of the real-time output from the Radiometrics MP-3000. Plots refer to data
collected during July 19, 2003, in Boulder, CO, USA. A rain shower happened roughly at 0400
UTC. Contour plots show time–height cross sections of atmospheric temperature (top), relative
humidity (middle), and liquid water (bottom). Surface temperature, relative humidity, and pressure
are shown on the left. Infrared cloud temperature, rain detection, integrated content of vapor and
liquid are shown on the bottom
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the field to be retrieved. Historical radiosonde and neural network or regression are
usually used for profile retrieval (Ware et al., 2003); more recently, variational meth-
ods have been developed to combine radiometer data with numerical forecast model
output (Löhnert et al., 2004; Hewison, 2007; Cimini et al., 2009). Comparisons
between radiosondes and retrieved profiles in the lower troposphere are shown in
Güldner and Spänkuch (2001) and Cimini et al. (2006) and demonstrate that tem-
perature and humidity retrieval accuracy is best near the surface and degrades with
height to <1.5 K, < 0.7 g/m3, respectively. A screenshot of the real-time output of a
commercial MWR profiler is shown in Fig. I.1.8.

Profile retrievals from MWR have much coarser vertical resolution than
radiosonde soundings, especially above the boundary layer, but have temporal res-
olutions of minutes. Retrieval error is smaller than radiosonde sounding error for
boundary layer temperatures and higher above the boundary layer. The dominant
radiosonde error is the representativeness error that results from the characteriza-
tion of a model cell volume by a point measurement. This type of error is especially
important when there are strong temporal or horizontal spatial gradients in the
meteorological profiles. Radiometric retrievals can be temporally averaged and in
these strong gradient (temporal or horizontal) conditions may be less susceptible to
representativeness error than radiosonde soundings.

Note that in clear-sky conditions, vertical profiles of temperature and water vapor
in the atmospheric boundary layer can be retrieved by FTIR spectral observations.
Due to the high spectral resolution of FTIR observed spectra, the optimal vertical
resolution is of the order of 100 m in the atmospheric boundary layer (up to ∼3 km)
(Feltz et al., 2003).

6 Conclusions

Surface-based radiometry has provided useful data on energy budget, temperature,
water vapor, clouds, and other atmospheric constituents. Steady progress has been
made in the development of robust, sensitive, and accurate instrumentation. This has
been accompanied by continued development of suitable forward and inverse mod-
els for the accurate calculation of radiation intensity and the retrieval of atmospheric
parameters. The advances in forward modeling positively affect surface-, airborne-,
and satellite-based remote sensing, as well as telecommunication.

It now seems likely that assimilation of data with forecast models is a very
promising technique for exploiting radiometer data (Nehrkorn and Grassotti, 2004).
Of equal promise is the synergism of active and passive sensors as has been
achieved in cloud sensing (Löhnert et al., 2001), in moisture profiling (Stankov
et al., 1996; Han and Westwater, 1995), and in the use of wind profiler esti-
mates of significant moisture gradients to improve humidity profile retrieval (Bianco
et al., 2005). All the above topics will be discussed in the second part of this
volume.
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