



CHAPTER 5

special profiling techniques for the boundary layer 
and the troposphere

5.1
General

Special profiling techniques have been developed to obtain data at high temporal and spatial resolution which is needed for analysis, forecasting and research on the smaller meteorological scales and for various special applications. This chapter gives a general overview of current ground‑based systems that can be used for these purposes. It is divided into two main parts: remote-sensing and in situ direct measuring techniques. Some of these techniques can be used for measurements over the whole troposphere, and others are used in the lower troposphere, in particular in the planetary boundary layer.

Remote-sensing techniques are based on the interaction of electromagnetic or acoustic energy with the atmosphere. The measuring instrument and the variable to be measured are spatially separated, as opposed to on-site (in situ) sensing. For atmospheric applications, the technique can be divided into passive and active techniques. Passive techniques make use of naturally occurring radiation in the atmosphere (microwave radiometers). Active systems (sodars, windprofilers, RASSs –radio acoustic sounding systems – and lidars) are characterized by the injection of specific artificial radiation into the atmosphere. These ground‑based profiling techniques are described in section 5.2. Other remote-sensing techniques relevant to this chapter are discussed in Chapters 8 and 9, Part I.

Section 5.3 describes in situ techniques with instruments located on various platforms to obtain measurements directly in the boundary layer (balloons, boundary layer radiosondes, instrumented towers and masts, instrumented tethered balloons). Chapters 12 and 13 in Part I describe the more widely used techniques using balloons to obtain profile measurements.

The literature on profiling techniques is substantial. For general discussions and comparisons see Derr (1972), WMO (1980), Martner and others (1993) and the special issue of the Journal of Atmospheric and Oceanic Technology (Volume II, No. 1, 1994).

5.2
Ground-based remote-sensing techniques

5.2.1
Acoustic sounders (sodars)

Sodars (sound detection and ranging) operate on the principle of the scattering of acoustic waves by the atmosphere. According to the theory of the scattering of sound, a sound pulse emitted into the atmosphere is scattered by refractive index variations caused by small-scale turbulent temperature and velocity fluctuations, which occur naturally in the air and are particularly associated with strong temperature and humidity gradients present in inversions. In the case of backscattering (180°), only temperature fluctuations with a scale of one half of the transmitting acoustic wavelength determine the returned echo, while, in other directions, the returned echo is caused by both temperature and velocity fluctuations, except at an angle of 90°, where there is no scattering.

Useful references to acoustic sounding include Brown and Hall (1978), Neff and Coulter (1986), Gaynor, Baker and Kaimal (1990) and Singal (1990).

A number of different types of acoustic sounders have been developed, but the two most common types considered for operational use are the monostatic sodar and the monostatic Doppler sodar.

A monostatic sodar consists of a vertically pointed pulsed sound source and a collocated receiver. A small portion of each sound pulse is scattered back to the receiver by the thermal fluctuations which occur naturally in the air. The receiver measures the intensity of the returned sound. As in a conventional radar, the time delay between transmitting and receiving an echo is indicative of the target’s range. In a bistatic sodar, the receiver is located some distance away from the sound source to receive signals caused by velocity fluctuations. 

As well as measuring the intensity of the return signal, a monostatic Doppler sodar also analyses the frequency spectrum of the transmitted and received signals to determine the Doppler frequency shift between transmitted and backscattered sound. This difference arises because of the motion of the temperature fluctuations with the air, and provides a measure of the radial wind speed of the air. A Doppler sodar typically uses three beams, one directed vertically and two tilted from the vertical to determine wind components in three directions. The vertical and horizontal winds are calculated from these components. The vector wind may be displayed on a time‑height plot at height intervals of about 30 to 50 m.

The maximum height that can be reached by acoustic sounders is dependent on system parameters, but also varies with the atmospheric conditions. Economical systems can routinely reach heights of 600 m or more with height resolutions of a few tens of metres.

A sodar might have the following characteristics:

Parameter
Typical value

Pulse frequency
1 500 Hz

Pulse duration
0.05 to 0.2 s

Pulse repetition period
2 to 5 s

Beam width
15°

Acoustic power
100 W

Monostatic sodars normally produce a time‑height plot of the strength of the backscattered echo signal. Such plots contain a wealth of detail on the internal structure of the boundary layer and can, in principle, be used to monitor inversion heights, the depth of the mixing layer – changes in boundary stability – and the depth of fog. The correct interpretation of the plots, however, requires considerable skill and background knowledge, and preferably additional information from in situ measurements and for the general weather situation.

Monostatic Doppler sodar systems provide measurements of wind profiles as well as intensity information. Such systems are a cost‑effective method of obtaining boundary layer winds and are particularly suited to the continuous monitoring of inversions and winds near industrial plants where pollution is a potential problem.

The main limitation of sodar systems, other than the restricted height coverage, is their sensitivity to interfering noise. This can arise from traffic or as a result of precipitation or strong winds. This limitation precludes their use as an all weather system. Sodars produce sound, the nature and level of which is likely to cause annoyance in the near vicinity, and this may preclude their use in otherwise suitable environments.

Some systems rely upon absorbent foam to reduce the effect of external noise sources and to reduce any annoyance caused to humans. The physical condition of such foam deteriorates with time and must be periodically replaced in order to prevent deterioration in instrument performance.

5.2.2
Wind profiler radars

Wind profilers are very-high and ultra-high-frequency Doppler radars designed for measuring wind profiles in all weather conditions. These radars detect signals backscattered from radio refractive index irregularities associated with turbulent eddies with scales of one half of the radar wavelength (the Bragg condition). As the turbulent eddies drift with the mean wind, their translational velocity provides a direct measure of the mean wind vector. Unlike conventional weather radars, they are able to operate in the absence of precipitation and clouds. Profilers typically measure the radial velocity of the air in three or more directions — vertically and 15° off‑vertical in the north and east direction — and from these components they determine the horizontal and vertical wind components. Simpler systems may only measure the radial velocity in two off‑vertical directions and, by assuming that the vertical air velocity is negligible, determine the horizontal wind velocity. The four-beam profiler wind measurement technique is more practical than the three-beam profiler technique in that its measurement is not affected significantly by vertical wind (Adachi and others, 2005).

For further discussion see Gossard and Strauch (1983), Hogg and others (1983), Strauch and others, (1990) Weber and Wuertz (1990) and WMO (1994).

The nature of the scattering mechanism requires wind profiler radars to function between 40 and 1 300 MHz. Performance deteriorates significantly at frequencies over 1 300 MHz. The choice of operating frequency is influenced by the required altitude coverage and resolution. In practice, systems are built for three frequency bands (around 50 MHz, 400 MHz and 1 000 MHZ) and these systems operate in low mode (shorter pulse: lower altitude) and high mode (longer pulse: higher altitude) which trade vertical range for resolution. Typical characteristics are summarized in the table below.

Profilers are able to operate unattended and to make continuous measurements of the wind almost directly above the site. These features are the principal advantages that profilers have over wind-measuring systems which rely on tracking balloons.

	Profiler parameter 
	Stratosphere 
	Troposphere 
	Lower troposphere 
	Boundary layer 

	Frequency (MHz) 
	50 
	400 
	400 
	1 000 

	Peak power (kW) 
	500 
	40 
	2 
	1 

	Operating height range (km) 
	3–30 
	1–16 
	0.6–5 
	0.3–2 

	Vertical resolution (m) 
	150 
	150 
	150 
	50–100 

	Antenna type 
	Yagi-array 
	Yagi-array or Coco 
	Yagi-array or Coco 
	Dish or phased array 

	Typical antenna size (m) 
	100×100 
	10×10 
	6×6 
	3×3 

	Effect of rain or snow 
	Small 
	Small in light rain 
	Small in light rain 
	Great 


Any given profiler has both minimum and maximum ranges below and above which it cannot take measurements. The minimum range depends on the length of the transmitted pulse, the recovery time of the radar receiver and the strength of ground returns received from nearby objects. Thus, care must be taken in siting profilers so as to minimize ground returns. Sites in valleys or pits may be chosen so that only the ground at very short range is visible. These considerations are most important for stratospheric profilers. The extent of the ground clutter effects on higher frequency radars can be reduced by suitable shielding.

The signal received by profilers generally decreases with increasing height. This ultimately limits the height to which a given profiler can take measurements. This maximum range is dependent on the characteristics of the radar and increases with the product of the mean transmitter power and the antenna aperture, but is subject to an absolute limit determined by the radar frequency used. These factors mean that the large high-powered stratospheric profilers are able to take measurements at the greatest heights. For a given profiler, however, the maximum height varies considerably with the meteorological conditions; on occasions there may be gaps in the coverage at lower heights.

Because it is important to take measurements at the maximum height possible, profilers gather data for several minutes in order to integrate the weak signals obtained. Typically, a profiler may take 6 or 12 min to make the three sets of observations required to measure the wind velocity. In many systems, a set of such observations is combined to give an hourly measurement.

Because profilers are made to be sensitive to the very weak returns from atmospheric inhomogeneities, they can also detect signals from aircraft, birds and insects. In general, such signals confuse the profilers and may lead to erroneous winds being output. In these circumstances, a number of independent measurements will be compared or combined to give either an indication of the consistency of the measurements or reject spurious measurements.

In the 1 000 and 400 MHz bands, precipitation is likely to present a larger target than the refractive index inhomogeneities. Consequently, the measured vertical velocity is reflectivity-weighted and is not operationally useful.

Large stratospheric profilers are expensive and require large antenna arrays, typically 100 m × 100 m, and relatively high power transmitters. Because they are large, it can be difficult to find suitable sites for them, and their height resolution and minimum heights are not good enough for certain applications. They have the advantage of being able to take routinely wind measurements to above 20 km in height, and the measurements are unaffected by all but the heaviest of rainfall rates. 

Tropospheric profilers operating in the 400–500 MHz frequency band are likely to be the most appropriate for synoptic and mesoscale measurements. They are of modest size and are relatively unaffected by rain.

Boundary layer profilers are less expensive and use small antennas. Vertical velocity cannot be measured in rain, but raindrops increase the radar cross‑section and actually increase the useful vertical range for the measurement of horizontal wind.

Profilers are active devices and obtaining the necessary frequency clearances is a serious problem in many countries. However, national and international allocation of profiler frequencies is actively being pursued.

5.2.3
Radio acoustic sounding systems

A radio acoustic sounding system is used to measure the virtual temperature profile in the lower troposphere. The technique consists in tracking a short high‑intensity acoustic pulse that is transmitted vertically into the atmosphere by means of a collocated microwave Doppler radar. The measuring technique is based on the fact that acoustic waves are longitudinal waves that create density variations of the ambient air. These variations cause corresponding variations in the local index of refraction of the atmosphere which, in turn, causes a backscattering of the electromagnetic energy emitted by the microwave Doppler radar as it propagates through the acoustic pulse. The microwave radar measures the propagation speed of these refractive index perturbations as they ascend at the local speed of sound. The acoustic wavelength is matched to one half of the microwave wavelength (the Bragg condition), so that the energy backscattered from several acoustic waves adds coherently at the receiver, thus greatly increasing the return signal strength. By measuring the acoustic pulse propagation speed, the virtual temperature can be calculated as this is proportional to the square of the pulse propagation speed minus the vertical air speed.

The extensive literature on this technique includes May and others (1990), Lataitis (1992a; 1992b) and Angevine and others (1994).

A variety of experimental techniques have been developed to sweep the acoustic frequency and then to obtain a virtual temperature profile. A number of RASSs have been developed by adding an acoustic source and suitable processing to existing profiler radars of the type mentioned above. For radar frequencies of 50, 400 and 1 000 MHz, acoustic frequencies of about 110, 900 and 2 000 Hz are required. At 2 000 Hz, acoustic attenuation generally limits the height coverage to 1 to 2 km. At 900 Hz, practical systems can reach 2 to 4 km. At 110 Hz, by using large 50 MHz profilers, maximum heights in the range of 4 to 8 km can be achieved under favourable conditions.

Comparisons with radiosondes show that, under good conditions, virtual temperatures can be measured to an accuracy of about 0.3°C with height resolutions of 100 to 300 m. However, the measurements are likely to be compromised in strong winds and precipitation.

The RASS technique is a promising method of obtaining virtual temperature profiles, but further investigation is required before it can be used operationally with confidence over a height range, resolution and accuracy that respond to user requirements.

5.2.4
Microwave radiometers

Thermal radiation from the atmosphere at microwave frequencies originates primarily from molecular oxygen, water vapour and liquid water and is dependent on their temperature and spatial distribution. For a gas such as oxygen, whose density as a function of height is well known, given the surface pressure, the radiation contains information primarily on the atmospheric temperature. Vertical temperature profiles of the lower atmosphere can be obtained by ground-based passive microwave radiometers measuring the microwave thermal emission by oxygen in a spectral band near 60 GHz. Spectral measurements in the 22–30 GHz upper wing of the pressure broadened water vapour absorption band provide information on the integrated amount of water vapour and liquid water, and the vertical distribution of water vapour. In addition, spectral measurements in both bands, combined with infrared cloud-base temperature measurements, provide information on the integrated amount and the vertical distribution of liquid water. For further information, see Hogg and others (1983) and Westwater, Snider and Falls (1990), Solheim and others (1998), Ware and others (2003) and Westwater and others (2005).

Individual downward-looking radiometers operating at different frequencies are maximally sensitive to temperature at particular ranges of atmospheric pressure. The sensitivity as a function of pressure follows a bell‑shaped curve (the weighting function). The frequencies of the radiometers are chosen so that the peaks in the weighting functions are optimally spread over the heights of interest. Temperature profiles above the boundary layer are calculated by means of numerical inversion techniques using measured radiations and weighting functions. The relatively broad width of the weighting function curves, and radiation from the terrestrial surface, precludes accurate temperature profiles from being obtained near the surface and in the boundary layer when using space-based radiometer soundings. 

The principles of upward-looking radiometric temperature and humidity sounding from the terrestrial surface are well established. The temperature weighting functions of upward-looking profiling radiometers have narrow peaks near the surface that decrease with height. In addition, sensitivity to oxygen and water vapour emissions is not degraded by radiation from the terrestrial surface. This allows accurate temperature and humidity profile retrievals with relatively high resolution in the boundary layer and lower troposphere. Inversion techniques for upward-looking radiometers are based on temperature and humidity climatology for the site that is typically derived from radiosonde soundings.
The scanning configuration of microwave temperature profilers  provided the highest resolution in the first few hundred meters. A multi channel system with fixed angle gave a better response at height greater than 1 km, but with a much coarser resolution(Caddedu M.P. et all,2002)
Ground-based and satellite-based radiometers are highly complementary. Satellite measurements provide coarse temporal and spatial resolution in the upper troposphere, and ground-based measurements provide high temporal and spatial resolution in the boundary layer and lower troposphere. Retrieved profiles from ground-based radiometers can be assimilated into numerical weather models to improve short term (1–12 h) forecasting by providing upper-air data in the interval between radiosonde soundings. Alternatively, raw brightness temperature from terrestrial radiometers can be assimilated directly into numerical weather models. This approach improves results by avoiding errors inherent in the profile retrieval process. A similar method, which assimilates raw satellite radiometer radiances directly into weather models, demonstrated improved results years ago and is now widely used.

The main advantages of ground-based radiometers are their ability to produce continuous measurements in time, and their ability to measure cloud liquid. Continuous upper-air temperature, humidity and cloud liquid measurements can be used to improve nowcasting and short-term precipitation forecasting. These continuous measurements can be also used to detect the development or time of arrival of well‑defined temperature changes (for studies of gas emissions, air pollution, urban heat islands, severe weather forecasting and warnings) (Kadygrov, Shur and Viazankin 2003).

Profiling radiometer reliability and accuracy have been widely demonstrated during long-term arctic, mid-latitude and tropical operations (Güldner and Spänkuch, 2001; Liljegren and others 2005). The result of the 13-month operation of the Radiometrics MP3000 (Gaffard and Hewison, 2003) shows that the root mean square value of the difference between the temperature observed by the radiosonde and that retrieved by the microwave radiometer ranges from 0.5 K (near the surface) to 1.8 K (at a height of 5 km).  Güldner and Spänkuch (2001), who operated the Radiometrics TP/WVP-3000 for 18 months and compared retrievals with four radiosonde soundings daily, also shows a similar root mean square value from 0.6 K (near the surface) to 1.6 K (at a height of 7 km in summer and 4 km in winter).  The root mean square value of water vapour profile is not more than 1 gm–3 in all altitudes (Gaffard and Hewison, 2003; Güldner and Spänkuch, 2001).  

Terrestrial profiling radiometers demonstrate significant economic and practical advantage whenever lower tropospheric temperature, humidity and cloud liquid measurements with high temporal resolution are required, and where moderate vertical resolution is acceptable. Commercial profiling radiometer prices have dropped significantly over the past several years, and are now less than the typical annual cost of labour and materials for twice daily radiosonde soundings.

5.2.5
Laser radars (lidars)

Electromagnetic energy at optical and near-optical wavelengths (from ultraviolet through visible to infrared) generated by lasers is scattered by atmospheric gas molecules and suspended particles. Such scattering is sufficient to permit the application of the radar principle to make observations of the atmosphere by means of lidar (light detection and ranging). Optical scattering can generally be divided into inelastic and elastic. When the wavelength of the laser energy, scattered by atmospheric constituents, differs in wavelength from the incident laser wavelength, the process is called inelastic scattering. The most widely used inelastic scattering process used in experimental atmospheric lidar systems is Raman scattering, which results from an exchange of energy between incident photons and the molecular rotational and vibrational states of the scattering molecules. In elastic scattering processes, the incident and the scattered wavelengths are the same. This scattering may be Rayleigh or Mie scattering and depends on the species and size of particles with respect to the incident laser wavelength (see Part II, Chapter 9). Both of these major scattering processes can occur simultaneously in the atmosphere.

For further reference see Hinkley (1976), WMO (1982), Thomas (1991) and Syed Ismael and Browell (1994).

The majority of lidars are operated in a monostatic mode, whereby the receiver is collocated with the laser transmitter. A typical lidar system uses a pulsed laser to transmit pulses of coherent light into the atmosphere. The average power of the laser used varies from a few milliwatts to tens of watts. An optical telescope mounted adjacent to the laser is used to capture the backscattered energy. The light collected by the telescope is focused onto a photomultiplier or photoconductive diode. The received information is normally made available on a cathode ray display for real-time monitoring and is transferred to a computer for more detailed analysis.

The strength of the return signal is dependent both on the amount of scattering from the target and on the two‑way attenuation between the lidar and the target — this attenuation depends on the proportion of the beam’s energy scattered from its path and on the absorption by atmospheric gases. The scattering and absorption processes are exploited in different lidars to provide a variety of measurements.

Lidars based on elastic scattering (called Rayleigh or Mie lidars, or simply lidars), are mostly used for studies on clouds and particulate matter. The measurement of cloud‑base height by a lidar is very straightforward; the rapid increase in the signal that marks the backscattered return from the cloud base can be readily distinguished; the height of the cloud base is determined by measuring the time taken for a laser pulse to travel from the transmitter to the cloud base and back to the receiver (see Part I, Chapter 15).

Lidars are also used to detect the suspended particles present in relatively clear air and to map certain structural features such as thermal stability and the height of inversions. Natural atmospheric particulate levels are sufficiently high in the lower atmosphere to allow lidars to measure air velocities continuously in the absence of precipitation, like weather radars. They can also be used to map and measure the concentration of man‑made particulates, such as those originating from industrial stacks.

Lidar observations have made very extensive and the best-documented contributions to the study of stratospheric aerosol particulate concentration, which is strongly influenced by major volcanic eruptions and is an important factor in the global radiation balance.

It is much more difficult to obtain quantitative data on clouds, because of the variations in shape and distribution of droplets, water content, discrimination between water, ice and mixed phases, and the properties of suspended particles and aerosols. Indeed, such measurements require complex multiparameter research systems making several measurements simultaneously, using hypotheses concerning the optical properties of the medium, and complex mathematical data-reduction methods.

Differential absorption lidar (DIALs) work on the principle that the absorption coefficient of atmospheric gases varies greatly with wavelength. A DIAL system normally uses a laser that can be tuned between two closely‑spaced frequencies, one which is strongly absorbed by a particular gas, and one which is not. The differences in the measurements as a function of range can be used to estimate the concentration of the gas under study. This is a most promising remote-sensing technique for the measurement of atmospheric composition and has been successfully used to measure concentrations of water, sulphur dioxide, nitrogen dioxide and, in particular, ozone.

The application of Raman scattering is of particular interest because the scattered radiation is frequency shifted by an amount which depends on the molecular species (Stokes lines). The strength of the backscattered signal is related to the species concentration. Raman lidars do not require a particular wavelength or tuned laser; laser wavelengths can be selected in a spectral region free from atmospheric absorption. By measuring the Raman spectrum, spatially resolved measurements can be taken of preselected atmospheric constituents, which have been used to obtain tropospheric profiles of water vapour, molecular nitrogen and oxygen, and minor atmospheric constituents. The main disadvantages are the lack of sensitivity over long ranges owing to the small scattering cross‑sections and the requirement for high power lasers, which can lead to eye‑safety problems in practical applications.

Lidar systems have provided a great deal of useful information for research studies but have had limited impact as operational tools. This is because they are relatively expensive and require very skilled staff in order to be developed, set up and operated. In addition, certain lidars are able to operate only under restricted conditions, such as in darkness or in the absence of precipitation.
5.2.6
GNSS

The main purpose of the Global Navigation Satellite System (GNSS) is positioning, but since an atmospheric term influences the accuracy of the position estimate, meteorological content can be inferred from the estimated error. The time delay experienced by a signal originating from a satellite and measured by a receiver on earth is related to the refractivity along the signal path, and is thus related to the temperature and humidity along this path. 

Meteorological information inferred from ground based GNSS requires a surface network of GNSS receivers, a data connection and a processing facility. In general, a GNSS network of receivers is installed for land surveying purposes and therefore close collaboration with national surveying institutes has been established in several countries. The collaboration is generally based on sharing sites and/or sharing information.

Additional information on processing techniques is available in WMO (2006b).

5.2.6.1
The GNSS System

The GNSS consists of three segments: the space, ground and user segments. The space segment comprises a number of satellites in orbit. Currently four systems are deployed, or are being deployed: GPS (USA), GLONASS (Russia), Galileo (Europe) and Compass (China). GNSS satellites transmit time coded signals in a number of frequencies with carrier wave frequencies which differ for different satellite system. 

The principle of GNSS is the same for all four systems. On-board atomic clocks control all signal components in the satellites. The ground segment controls the satellites for orbit adjustment and provides the broadcast ephemerides, which are disseminated to the user segment via the navigation message of the GNSS signal. A GNSS antenna and receiver (ground based or space borne) form the user segment. The receiver compares the time coded signal from the GNSS satellites with its own internal clock, from which the receiver can compute the pseudo ranges (P) to each satellite in view. When at least four pseudo ranges are observed the receiver can compute its position and the clock error of the receiver. The standard positioning technique using the time-coded signals has an accuracy of about 3-5 m.

The GNSS main observables are pseudo-range (P) and carrier phase (L). For example, the GPS signals are broadcast at two different frequencies: namely L1 (1575.42 MHz) and L2 (1227.60 MHz). Both frequencies transmit P and L observables. Thus for a dual frequency receiver four observables are available per epoch. Eq. (1) and Eq. (2) present both P and L expressed as a sum of all error contributions forming the GNSS measurement, that is



P = ρ + c ( dtrec – dtsat) + δrel + Latm + I + K + M + δtide + εP 

(1),



L = ρ + c ( dtrec – dtsat) + δrel + Latm - I + N ωL  + K + M + δtide + εL 
(2),

where c is the speed of light, ρ is the geometric distance between the satellite phase centre and the receiver phase centre, dtsat is the satellite clock offset, dtrec is the receiver clock offset, Latm is the tropospheric delay, or Slant Total Delay, due to the refractive nature of the atmosphere, I is the ionospheric delay along the ray path, δrel is the relativistic error, K is the receiver instrumental error, M is the multipath effect, δtide is the receiver position error due to polar tide, solid Earth tide and ocean loading, N is the ambiguity term (only relevant for carrier phase measurements, Eq. (2)), ωL one wavelength contribution due to circular polarization of the signal and ε is the un-modelled noise error.
The observables have different uncertainty levels and different characteristics. In particular, phase measurements have a noise level of a few millimetres and are very accurate in comparison to pseudo-range, which has an uncertainty of a few meters. Carrier phase is the primary and most important observable for low uncertainty parameter estimation but pseudo-range observables are better suited for the observation and removal of specific receiver-related errors (multipath, etc.). Linear combination of the same kind of observable (P or L) measured at the two different frequencies is used to remove the first order of the ionosphere effect. Other techniques, such as double differencing, can remove the satellite and receiver clock error. However, this requires careful processing of the GNSS data.  

5.2.6.2
Tropospheric GNSS Signal
The atmospheric excess path is caused by refraction and bending of the signal due to gradients in refractive index n. According to Fermat's principle this excess path is

                            Latm =  s∫ n ds - D + ΔS ≈  s∫  (n - 1)ds,                   



(1)

where D (=s∫ ds) is the geometric distance and ΔS the excess path due to bending; the latter can be neglected for elevations larger than 10 degrees. The refractivity N is defined as N = 106 (n - 1) and according to Smith and Weintraub (1953) and Thompson et al. (1986),

                          N = k1 ρ Rd +  ( k2 Rv - k1 Rd + Rv/T k3 ) ρw
                              = Nh + Nw ,                                                 




(2)

for the neutral atmosphere. Here ρ is air density [kg m-3 ], ρw water vapour density [kg m-3 ], T is temperature [K] and Rd = 287.05 [J kg-1 K-1 ] and Rv = 461.51 [J kg-1 K-1 ] are the gas constants for dry air and water vapour. The empirical constants are k1 = 77.6 [K hPa-1 ], k2 = 70.4 [K hPa-1 ] and k3 = 373900 [K2 hPa-1 ] (Thayer, 1974). The first term in Equation (2) is the hydrostatic refractivity, Nh, and the second term is called the wet refractivity, Nw. 

Within a so-called network solution of GNSS data, the tropospheric delay is mapped to the zenith for all elevation and azimuth angles. In this way the number of unknowns is reduced and the position of the receiver can be estimated accurately. The mapped slant total delay to the zenith is called the Zenith Total Delay. When the precise position is estimated, an estimate of the atmospheric part of the signal can be retrieved. The ZTD can be considered as the sum of the Zenith Hydrostatic Delay and the Zenith Wet Delay (or better Zenith Non-hydrostatic Delay). The integrals in the zenith direction of the hydrostatic and wet refractivity are 

                   ZHD = 10-6 z∫  Nh dz [m] and ZWD = 10-6 z∫ Nw dz [m].              


(3)

5.2.6.3
Integrated Water Vapour
ZHD is related with the dry part of the atmosphere, and due to its stationary nature can be estimated very accurately using the surface pressure measurements (ps) and the location of the receiver (height and latitude φ), using for example the Saastamoinen (1972) approximation. The ZHD represents approximately 90% of the entire tropospheric path delay. On the other hand, the ZWD cannot be sufficiently well modelled by surface data acquisition due to the irregular distribution of water vapour in the atmosphere. The ZWD can be rewritten as (following Davis et al. (1985))

           
ZWD = 10-6 [ k2 Rv - k1 Rd + k3 Rv (z∫ ρw T-1 dz ) (z∫ ρw dz )-1  ] z∫ ρw dz

(4)

and by defining the weighted mean temperature as


Tm= (z∫ ρw dz ) (z∫ ρw T-1 dz )-1






(5)
Then

ZWD = k’(Tm) z∫ ρw dz = k’(Tm) IWV,





(6)

where IWV is the vertically-integrated column of water vapour overlying the GPS receiver. Based on, for example, radiosonde observations, the weighed mean temperature can be estimated by the surface temperature, that is k’(Tm)≈k(Ts) (Bevis et al 1994). Thus the IWV can be estimated using the estimated ZTD, surface pressure ps, antenna height h and latitude φ of the receiver 

IWV = k(Ts)-1 ( ZTD  -  ZHDsaas (ps,h,φ) ) .





(7)

The value of k(Ts) is approximately 6.5 kg m-3.

5.2.6.4
Measurement Uncertainties
Since ZTD is estimated, the accuracy highly dependents on the method used, the accuracy of a priori information used, the stability of the receiver position and many other things. For example the accuracy of the position of the satellite orbits will in general be higher after approximately 14 days when the so-called final orbits are available. One therefore has to distinguish between “near-real time” and “post-processed” estimates of ZTD. The accuracy of IWV is obviously closely related to the accuracy of the ZTD estimate.

The measurement uncertainty of “near-real time” estimates is around 10mm. For “post-processed” estimates this value is around 5 to 7 mm. The measurement uncertainty of IWV is dependent on the total amount of water vapour and is of the order of 5-10% (Elgered et al. 2004). The mean values have a clear seasonal signature; at mid latitudes very low values can be observed in winter (below 5 kg m-2) and during summer values of 40 kg m-2. In the tropics values higher than 50 kg m-2 are not uncommon.

5.3
In situ measurements

5.3.1
Balloon tracking

Balloon tracking is frequently used to obtain boundary layer winds and is usually performed by optical theodolites or a tracking radar. Part I, Chapter 13, gives a more general account of windfinding.

When making lower tropospheric soundings, it is desirable to use a slow rate of balloon ascent in order to give high vertical resolution. The reduced rate of ascent may be achieved either by means of a brake parachute or by a reduced free lift. 

For radar tracking, a small radar reflector is suspended below the balloon. For lower tropospheric soundings, the radar should be able to provide data at ranges as short as 100 m, and ideally the launch point must be farther away in a downwind direction than this minimum range.

A basic wind measurement can be taken using a single optical theodolite, but, in order to obtain reasonably accurate winds, a two-theodolite system is required. The baseline between the theodolites should exceed 1 km. In order to facilitate the sounding procedure and to ensure height accuracy, the theodolites should be equipped with computer interfaces so that the data can be logged and the necessary calculations performed in a timely manner. Under good conditions, wind profiles can be obtained up to an altitude of 3 000 m. However, the technique fails in adverse conditions such as precipitation, low cloud or fog.

It is, of course, possible to obtain additional wind data in the lower atmosphere using conventional radiosondes by taking more frequent tracking measurements in the first few minutes of a normal full sounding, for example, between 2 and 10 per minute.

5.3.2
Boundary layer radiosondes

Conventional radiosonde systems are described in detail in Part I, Chapter 12. Special radiosondes have been designed specifically to make detailed observations of the boundary layer and lower troposphere. They differ from conventional radiosondes in that the sensors have greater sensitivity and faster response rates. Such radiosondes are used to measure temperature, humidity and wind profiles in the layer from the surface to elevations of typically 3 to 5 km.

The vertical ascent rate of these radiosondes is usually arranged to be between 150 and 200 m min–1, which is rather slower than conventional radiosondes. The slower rate of ascent allows more detailed vertical profiles to be produced. The rate of ascent is normally determined by selecting an appropriately sized balloon, but may be modified by the use of a trailing brake parachute.

Because these instruments are required only to reach a limited height, they can normally be carried by a pilot balloon. In other respects, the sounding procedures and data processing are similar to those employed by standard radiosondes.

For soundings to an altitude of no more than 2 000 m, the pressure sensor is sometimes dispensed with, which results in a simpler and less expensive radiosonde. Even simpler systems are available which measure temperature only.

The basic requirements for boundary layer radiosondes are as follows:

	Variable
	Operating range
	Resolution

	Pressure
	1050 to 500 hPa
	±0.5 hPa

	Temperature
	+40° to –40°C
	±0.1 K

	Humidity
	100 to 20 (or 10)%
	±2%

	Wind speed
	0.5 to 60 m s–1
	±0.5 m s–1

	Wind direction
	0° to 360°
	±5°


Measurements are typically taken at least every 30 s to give a vertical resolution of 50 to 100 m.

5.3.3
Instrumented towers and masts

Special instrumented towers and masts are used for many purposes, especially for the estimation of the diffusion of atmospheric pollution. A discussion is provided by Panofsky (1973).

For some purposes, the height of the tower must be up to 100 m, and for air‑pollution monitoring and control projects it should exceed the height of the important sources of pollution by at least 50 m.

Measurements of temperature, humidity and wind should be made at several (at least two or three) levels, the lowest of which should be at the level of standard meteorological screen, close to the tower or mast. The number of measuring levels depends upon both the task and the height of the tower or mast. The use of just two levels provides no information on the shape of the vertical profile of meteorological variables and is, thus, very limiting. The number of measuring levels is usually greater for research projects than for routine use.

Usually, the data are processed and presented automatically together with differences between the levels that are provided to characterize the meteorological conditions. If the data are to be used directly by non-meteorological staff –  such as those concerned with keeping concentrations of air pollutants within safe limits –  they are often processed further by computer to provide derived data which are easily applied to the task in hand.

The sensors most commonly used for measurements on towers or masts are as follows:

(a)
Temperature: electrical resistance or thermocouple thermometers in screens, with or without aspiration;

(b)
Humidity: psychrometers, electrochemical or electromechanical sensors in screens;

(c)
Wind: cup and vane, propeller, sonic or hot‑wire devices.

All sensors should have linear or linearized characteristics and their time-constants should be small enough to ensure that the data gathered will adequately reflect local changes in the meteorological variables.

It is important that the structure of the tower or mast should not affect the sensors and their measurements appreciably. For open structures, booms – whether stationary or retractable – should be at least 2 m long, and preferably long enough to keep the sensors at least 10 tower diameters removed from the tower or mast. For solid structures, or where the required booms would not be practicable, a double system is required at each level, with booms on opposite sides of the tower or mast extending for at least three times the structure diameter. Measurements at a given time are then taken from the sensors exposed to the undisturbed wind.

Sometimes, in special situations, towers can be used to gather meteorological profile data without the direct mounting of fixed sensors; rather, a simplified method of sounding is used. A pulley is fastened at the highest possible point and a closed loop of rope extending to ground level is used to carry a radiosonde up and down the levels required by means of a hand- or motor‑operated winch. The radiosonde, which is modified to include wind sensors, transmits its data to an appropriate receiving system at ground level. Much more vertical detail is possible than that provided by a boom installation, and the altitudes of significant features can be determined. However, sustained observation is possible at only a single level.

For an accurate definition of the extent of pollution dispersion in certain weather conditions, the tower height may be too limited. In such circumstances, unless a radiosonde station is within about 50 km, a special radiosonde is provided at the site of the tower or mast for making local soundings up to an altitude of about 3 000 m. In addition to their main purpose, the data obtained can be treated as complementary to those of the basic aerological network, and can also be used in more detailed investigations of local weather phenomena.

Tower measuring equipment requires periodical checking by highly qualified instrument maintenance staff who should pay special attention to the state and performance of sensors and recorders and the connecting cables, sockets and plugs exposed to outdoor weather conditions.

5.3.4
Instrumented tethered balloons

Typical applications of instrumented tethered balloons include the measurement of temperature, humidity and wind profiles (and their short-period changes) from the surface to an altitude of about 1 500 m, and longer‑period investigation of the meteorological conditions at one or more selected levels. The sensors are suspended in one or more packages beneath the balloon, or clamped to the tethering cable. The sensor’s response is normally telemetered to the ground either by radio, or by conductors incorporated into the tethering cable. The techniques are discussed by Thompson (1980).

Tethered-balloon systems tend to use either large (600 m3) or small (10 to 100 m3) balloons. The small balloons are normally used to obtain profiles, and the larger ones to obtain measurements at multiple levels. Tethered balloons should be designed for low drag and to ride steadily. They are usually inflated with helium. Larger balloons should be able to carry a load of up to 50 kg (in addition to the tethering cable) to an altitude of 1 500 m. The balloon should be capable of operation at wind speeds of up to 5 m s–1 at the surface and 15 m s–1 at altitudes within the operational range. The tethering cable of a large balloon should be able to withstand a force of 2 000 to 3 000 kg to avoid a breakaway (200 to 300 kg for smaller balloons).

Tethered‑balloon flying is subject to national rules concerning aviation safety. For this reason and for the convenience of the operating staff, the use of balloons which have distinct colours and night‑warning lights is highly recommended. An automatic device for the rapid deflation of the balloon is mandatory, while a metallized radar target suspended below the balloon is optional.

The main factors limiting tethered‑balloon operation are strong wind speed aloft, turbulence near the surface and lightning risk.

The winch used to control the balloon may be operated electrically or by hand. At least two speeds (e.g. 1 and 2 m s–1) should be provided for the cable run. In addition, the winch should be equipped with a hand-brake, a cable-length counter and a tension gauge. The winch should be electrically earthed, whether electrically operated or not, as protection against atmospheric discharges.

The use of conductors to convey the sensor signals back to the ground is undesirable for a number of reasons. In general, it is preferable to use special radiosondes. Such radiosondes will have better resolution than those normally employed for free flights. The temperature and humidity sensors must have a horizontal shield to provide protection against solar radiation and rainfall, while allowing for adequate ventilation. Extra sensors are needed for wind speed and direction.

The basic requirements are the following:

	Variable
	Operating range
	Resolution

	Pressure
	1 050 to 850 hPa
	±0.5 hPa

	Temperature
	+40° to –20°C
	±0.1 K

	Humidity
	100 to 20 (or 10)%
	±2%

	Wind speed
	0.5 to 15 m s–1
	±0.5 m s–1

	Wind direction
	0° to 360°
	±1°


For telemetry, one of the standard radiosonde frequencies may be used; the 400 MHz allocation is a frequent choice. The maximum weight, including the battery, should be within the load capability of the balloon; a limit of 5 kg is reasonable. The radiosonde should be suspended at least three balloon diameters below the balloon in a stable condition so that adequate shielding and ventilation are maintained.

A major problem encountered in the measurement of turbulent, rather than mean, quantities is the effect of cable vibration and balloon motion on the measurements. Special techniques have to be used for such measurements.

The ground‑based equipment must include a receiver and recorder. The data are usually processed with the aid of a small computer.

Soundings can be performed during the ascent and descent of the balloon, either continuously or with pauses at selected levels. For the lower levels, height can be estimated from the length of the cable paid out, but at higher levels this method is no more than an approximation and an alternative is necessary. This takes the form of a calculation by means of the hydrostatic equation, using the observed distribution of pressure, temperature and humidity. Thus, the increment in geopotential metres from level n to level n+1 is given by:


29.27 Tv ln (pn / pn + 1)

where Tv is the mean of the virtual temperatures at levels n and n + 1; and pn and pn + 1 are the two associated pressures. If conversion from geopotential to geometric height is required, this is readily done by using the Smithsonian meteorological tables; however, this is unlikely to be necessary. The height of the station barometer is taken as the datum for these calculations.

If the meteorological variables are observed using the level‑by‑level method, a few measuring cycles should be taken at each level, with the time required for stabilization being 2 to 3 min. In this way, the whole sounding sequence could take from a half to one whole hour. As for all radiosondes, a baseline check in a control screen should be made just before use, to establish the differences with a barometer and an aspirated psychrometer. A similar check should also be made just after the sounding is completed. Again, as for regular radiosonde ascents, the station‑level data should be obtained not from the radiosonde data, but from conventional instruments in a standard station screen.

For the sounding data, pressure, temperature and humidity should be averaged at each level. For wind speed, the average should be calculated for a period of 100 or 120 s. If wind direction is not measured directly, it can be roughly estimated from the orientation of the balloon’s longitudinal axis with respect to the north. The uncertainty of this method is ±30°.

It should be stressed that operators must advise air traffic authorities of their plans and obtain permission for each sounding or series of soundings using tethered balloons.

References and further reading

Adachi, A., T. Kobayashi, K.S. Gage, D.A. Carter, L.M. Hartten, W.L. Clark and M. Fukuda, 2005: Evaluation of three-beam and four-beam profiler wind measurement techniques using a five-beam wind profiler and collocated meteorological tower. Journal of Atmospheric and Oceanic Technology., 22, pp. 1167–1180.

Angevine, W.M., W.L. Ecklund, D.A. Carter, K.S. Gage and K.P. Moran, 1994: Improved radio acoustic sounding techniques. Journal of Atmospheric and Oceanic Technology, Volume 11, Issue 1, pp. 42–49.

Bevis, M.,, S. Businger,, S. Chiswell,, T. A. Herring,, R. A. Anthes,, C. Rocken,, R. H. Ware, 1994: GPS meteorology: Mapping zenith wet delays onto precipitable water, J. Appl. Met., 33, 379­386.
Brown, E.H. and F.F. Hall, 1978: Advances in atmospheric acoustics. Reviews of Geophysics and Space Physics, Volume 16, pp. 47–109.

Cadeddu M.P., G.E.Peckham,and C.Gaffard,2002. The vertical resolution of ground-based microwave radiometers analyzed through a multiresolution wavelet technique. IEEE Transaction on Geoscience and Remote Sensing,vo.40,No 3,pp531-540.
Candish L.,R.Raddatz,V.Asplin and D.Barber, 2012 : Atmospheric temperature and absolute humidity profiles over the Beauford Sea and Amudsen Gulf from a microwave radiometer. Journal of Atmospheric and Oceanic Technology,vol.29,pp 1182-1201.
Davis, J.L., T.A. Herring, I.I. Shapiro, A.E.E. Rogers, and G. Elgered, 1985: Geodesy by radio interferometry: Effects of atmospheric modeling errors on estimates of baseline length, Radio Sci., 20, 1593­1607.

Derr, V.E., 1972: Remote Sensing of the Troposphere. United Nations National Oceanic and Atmospheric Administration, WPL, Boulder, Colorado.

Elgered, G., H.-P. Plag, S. Barlag, and J. Nash, 2004: COST716 final report, European  Union, 252 pp.

Gaffard, C. and T. Hewison, 2003: Radiometrics MP3000 microwave radiometer trial report. Technical Report –TR26, Met Office, Workingham, Berkshire, UK, 27 pp.

Gaynor, J.E., C.B. Baker and J.C. Kaimal, 1990: The international sodar intercomparison experiment. Proceedings of the Fifth International Symposium on Acoustic Remote Sensing. McGraw-Hill, New York, pp. 67–74.

Gossard, E.E. and R.G. Strauch, 1983: Radar Observations of Clear Air and Clouds. Elsevier, Scientific Publishing Co., Amsterdam.

Güldner, J. and D. Spänkuch, 2001: Remote sensing of the thermodynamic state of the atmospheric boundary layer by ground-based microwave radiometry, Journal of Atmospheric and Oceanic Technology, 18, 925–933.

Haan, S. de, National/regional operational procedures of GPS Water Vapour Networks and agreed international procedures, Report No. 92, WMO/TD-No. 1340, 2006

Hinkley, E.D., 1976: Laser Monitoring of the Atmosphere: Topics in Applied Physics. Volume 14, Springer Verlag, New York.

Hogg, D.C., M.T. Decker, F.O. Guiraud, K.B. Earnshaw, D.A. Merritt, K.P. Moran, W.B. Sweezy, R.G. Strauch, E.R. Westwater and C.G. Little, 1983: An automatic profiler of the temperature, wind and humidity in the troposphere. Journal of Climate and Applied Meteorology, Volume 22, pp. 807–831.

Kadygrov, E.N. and D.R. Pick, 1998: The potential for temperature retrieval from an angular-scanning single-channel microwave radiometer and some comparisons with in situ observations. Meteorological Applications, Volume 5, pp. 393–404.

Kadygrov, E.N., G.N. Shur and A.S. Viazankin, 2003: Investigation of atmospheric boundary layer temperature, turbulence, and wind parameters on the basis of passive microwave remote sensing, Radio Science, Volume 38, No. 3, 
pp. 13.1–13.12.

Lataitis, R.J., 1992a: Signal power for radio acoustic sounding of temperature: The effects of horizontal winds, turbulence and vertical temperature gradients. Radio Science, Volume 27, pp. 369–385.

Lataitis, R.J., 1992b: Theory and Application of a Radio-acoustic Sounding System. NOAA Technical Memorandum ERL WPL‑230.

Liljegren, J.C.,  S.A. Boukabara, K. Cady-Pereira and S.A. Clough, 2005: The Effect of the half-width of the 22-GHz water vapor line on retrievals of temperature and water vapor profiles with a 12-channel radiometer, IEEE Transactions on Geoscience Remote Sensing, Volume 43, Issue 5, pp. 1102–1108.

Martner, B.E., D.B. Wuertz, B.B. Stankov, R.G. Strauch, E.R. Westwater, K.S. Gage, W.L. Ecklund, C.L. Martin and W.F. Dabberdt, 1993: An evaluation of wind profiler, RASS. and microwave radiometer performance. Bulletin of the American Meteorological Society, Volume 74, Issue 4, pp. 599–613.

May, P.T., R.G. Strauch, K.P. Moran and W.L. Eckund, 1990: Temperature sounding by RASS, with wind profiler radars: A preliminary study. IEEE Transactions on Geoscience and Remote Sensing, Volume 28, Issue 1, pp. 19–28.

Neff, W.D. and R.L. Coulter, 1986: Acoustic remote sounding. In Lenschow, D.H. (ed.): Probing the Atmospheric Boundary Layer, American Meteorological Society, pp. 201–236.

Panofsky, H.A., 1973: Tower micrometeorology. In Haugen, D.A. (ed.): Workshop on Micrometeorology, Chapter 4, American Meteorological Society.

Saastamoinen, J., 1972: Atmospheric correction for the troposphere and stratosphere in radio ranging of satellites, Geoph. Monograph Series, 15, 247­251.
Singal, S.P., 1990: Current status of air quality related boundary layer meteorological studies using sodar. Proceedings of the Fifth International Symposium on Acoustic Remote Sensing, McGraw-Hill, New York, pp. 453–476.

Smith, E. K. and S. Weintraub, 1953: The constants in the equation for atmospheric refractive index at radio frequencies, Proc IRE, 41, 1035­1037.

Solheim, F., J.R. Godwin, E.R. Westwater, Y. Han, S.J. Keihm, K. Marsh, R. Ware, 1998: Radiometric profiling of temperature, water vapor, and cloud liquid water using various inversion methods, Radio Science, Volume 33, pp. 393–404.

Strauch, R.G., and others, 1990: Preliminary evaluation of the first NOAA demonstration network wind profiler. Journal of Atmospheric and Oceanic Technology, Volume 7, Issue 6, pp. 909–918.

Syed Ismael and E.V. Browell, 1994: Recent Lidar technology developments and their influence on measurements of tropospheric water vapor. Journal of Atmospheric and Oceanic Technology, Volume 11, Issue 1, pp. 76–84.

Thayer, G.D., 1974: An improved equation for the radio refractive index of air, Radio Sci., 9, 803­807.

Thomas, L., 1991: Lidar probing of the atmosphere. Indian Journal of Radio and Space Physics, Volume 20, pp. 368–380.

Thompson, N., 1980: Tethered balloons. In: Air-sea Interaction: Instruments and Methods (F. Dobson, L. Hasse and R. Davis, eds) Chapter 31, Plenum Press, New York.

Thompson, A. R., J. M. Moran, and G. W. Swenson, 1986: Interferometry and Synthesis in Radio Astronomy, John Wiley and Sons, New York, 720 pp.
Ware, R., R. Carpenter, J. Güldner, J. Liljegren, T. Nehrkorn, F. Solheim and F. Vandenberghe, 2003: A multi-channel radiometric profiler of tempera-ture, humidity and cloud liquid, Radio Science, Volume 38, pp. 8079–8032.

Weber, B.L. and D.B. Wuertz, 1990: Comparison of rawinsonde and wind profiler radar measurements. Journal of Atmospheric and Oceanic Technology, Volume 7, Issue 1, pp. 157–174.

Westwater, E.R., J. B. Snider and M.J. Falls, 1990: Ground‑based radiometric observations of atmospheric emission and attenuation at 20.6, 31.65, and 90.0 GHz: A comparison of measurements and theory. IEEE Transactions on Antennas and Propagation, Volume 38, Issue 10, pp. 1569–1580.

Westwater, E., S. Crewell, C. Mätzler and D. Cimini, 2005: Principles of Surface-based Microwave and Millimeter Wave Radiometric Remote Sensing of the Troposphere. Quaderni Della Società Italiana di Elettromagnetismo, Volume. 1, No. 3.

World Meteorological Organization, 1980: Lower Tropospheric Data Compatibility: Low-level Intercomparison Experiment (Boulder, United States, 1979). Instruments and Observing Methods Report No. 3, Geneva.

World Meteorological Organization, 1982: Indirect Sensing: Meteorological Observations by Laser Indirect Sensing Techniques (A.O. Van Gysegem). Instruments and Observing Methods Report No. 12, Geneva.

World Meteorological Organization, 1994: Comparison of windprofiler and rawinsonde measurements (J. Neisser, V. Görsdorf and H. Steinhagen). Papers Presented at the WMO Technical Conference on Instruments and Methods of Observation (TECO‑94), Instruments and Observing Methods Report No. 57, WMO/TD‑No. 588, Geneva.

Kadygrov E.N., E.A. Miller,A.V. Troitsky,2013: Study of atmospheric boundary layer thermodynamics during total solar eclipses. IEEE Transactions on Geoscience and Remote Sensing , vol.51, N 9, pp 4672-4677.

Madhulatha A., M.Rajeevan ,M.V.Ratnam,J.Bhate, C.V.Naidu., 2013. Nowcasting severe convective activity over southeast India using ground-based microwave radiometer observations. Journal of Geophysical Research, vol.118,pp 1-13.
Navas –Guzman F., O.Stahli,and N. Kampfer,2013. Study of cloud effect on the tropospheric temperature retrievals. Abstract of URSI Commission F Microwave Signatures 2013, Special Symposium on Microwave Remote Sensing of the Earth,Oceans, and Atmosphere,October 2013, Finland,p.136.
Ware R., D.Cimini,E.Campos,G.Giuliani,M.Nelson,S.E.Koch,P.Joe,and S.Cober, 2013.Termodynamic and liquid profiling during 2010 Winter Olympics. Atmospheric Research, vol.122-123,pp 278-290.
Westwater E.R., Y.Han , V.G. Irisov , V.Leuskiy, E.N. Kadygrov .,A.S. Viazankin ,1999.  Remote sensing of boundary layer temperature profiles by a scanning 5-mm microwave radiometer and RASS: Comparison Experiments. Journal of Atmospheric, and Oceanic Technology., vol. 16, July 1999, pp. 805-818.

World Meteorological Organization, 2006a: Operational Aspects of Different Ground-Based Remote Sensing Observing Techniques for Vertical Profiling of Temperature, Wind, Humidity and Cloud Structure (E.N. Kadygrov). Instruments and Observing Methods Report No. 89, WMO/TD No. 1309.

World Meteorological Organization, 2006b: National/Regional Procedures of GPS Water Vapour Networks and Agreed International procedures, Instruments and Observing Methods Report No. 92, WMO/TD No. 1340.


