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	Summary and purpose of document
This document provides information on the status of Raman Water Vapour Technology with an outlook on operational application. An outlook is also given on other lidar techniques for water vapour measurements.


Action proposed

The Meeting is invited to discuss the material enclosed and provide suggestions for corrections and completing missing material. It is suggested that the item naming is changed to lidar techniques for water vapour measurements.

This document may need to be expanded to contain more details or more references to sources of the details. A section could be added about airborne water vapour lidar techniques.
________________
Raman Water Vapour Technology Status
Introduction

The Raman lidar technique is based on the lidar (light detection and ranging) principle, and utilizes the in-elastic Raman scattering by atmospheric molecules for the detection of these species. Water vapor has a sufficient Raman scattering cross section to be able to detect the Raman scattering by water vapor molecules using the lidar technique when the scattering is exited by laser ration at UV or visible wavelengths. The Raman lidar technique for water vapor (WVRL) measurements has been in development since (Melfi) and is now (semi) operationally used in a number of locations (ARM, MeteoSwiss, Lindenberg).

In order to develop WVRL for practical application a number of critical issues need to be addressed. These will be mentioned here briefly. A list of references is provided for further details.

This document currently restricts itself to ground based lidar techniques. 

WVRL Calibration

The water vapor Raman signal is proportional to the number concentration of water vapor molecules. A second lidar signal proportional to the air density is needed to convert the WV Raman signal to the WV mixing ratio. The Raman signal from atmospheric nitrogen gas molecules is usually taken for this, since this gas is uniformly mixed. Finally, this mixing ratio needs to be calibrated to obtain the measurement of the water vapor mixing ratio.

The calibration usually relies on an external, independent source of water vapor data. This can be for instance:

· Radio sonde data

· Microwave radiometer data
· GNSS data

· In situ sensor

Reliable calibration using these external sources relies on its turn on the calibration of those sources.

Then, the long-term stability of the calibration constant relies on the stability of the Raman lidar instrument. For instance, a change in the alignment or a change in the sensitivity of a detector sue to ageing will have an influence. This is one of the main points of concern for the viable application of this technique. There are solutions to monitor the stability of the calibration constant by means of a lamp (McDermid, LeBlanc). This again relies on the stability of the lamp emission and spectral stability.

Also, a technique has been developed to use a calibration lamp to calibrate the WVRL instrument without an external source (Venable). To date this approach has not been adopted in many locations.
Daytime performance


Since the Raman lidar technique depends on relatively weak optical scattering, a relatively high power laser and large aperture receiving optics are needed. A large receiver is collecting more sky background illumination than a small aperture receiver. So, when measurements during daytime need to be taken, the WVRL benefits from a narrow field of view (i.e. the size of the disc in the sky that is observed by the receiving telescope) and narrow spectral band detection, as well as a powerful laser. These requirements make the stability of the system more critical. These requirements have been met for several WVRL systems, however, in order to measure the dry conditions at the top of the troposphere, the daylight background will always add noise to the measurement. Therefore, the WVRL technique is most powerful during nighttime conditions.
Biases


It has been reported that certain elements in a WVRL operating at UV wavelengths may be impeded by fluorescence issues, if not properly addressed. The fluorescence will induce a wet-bias in situations where very dry atmospheric conditions are measured (McDermid, LeBlanc). There is some debate whether or not these effects can be appropriately corrected for (depending also on the application), or that fundamental solutions should be applied (McDermid, LeBlanc, Whiteman).
Operational application


For the operational application of WVRL, a fully automated system is needed. This was first accomplished by Goldsmith et al. for the ARM CART Raman lidar. A couple of other examples have been put to operation (MeteoSwiss, Lindenberg). The full automation of a large scale Raman lidar, especially containing a high-power laser source, remains a challenging task. But in principle this remains a purely technical task that can be solved with proper sensors and software to handle conditions of exception that require instrument adjustment or, in ultimate cases, shutdown.
Alternative techniques


A few words could be said about alternatives to WVRL. For certain applications – for instance climate monitoring (i.e. trend detection) – the unbiased detection of dry conditions at the top of the tropopause and lower stratosphere (UTLS) are needed. This means the lidar system needs a large range as well as high accuracy. This is in general in contradiction with optimal daytime operation. On the other hand, numerical weather prediction (NWP) and studies of convective conditions using Large Eddy Simulations (LES) require also daytime operation, while demands on accuracy are somewhat relaxed due to the combination of the measurements with modeling. And NWP and LES benefit more from information about moisture in the boundary layer and lower free troposphere.
Differential Absorption Lidar (DIAL)


The differential Absorption Lidar technique relies lidar measurements at two wavelengths, one more absorbed by a certain species than the other. If the absorption cross sections of the species of interest are accurately known, and little or negligible interference can be assumed from other atmospheric trace gases, the DIAL technique is a self calibrating technique for measuring trace gases. For ground based application of the DIAL technique for UTLS WV the general shape of the vertical water vapor profile has the disadvantage that most WV is close to the Earths’ surface so that most laser light is absorbed and no high accuracy measurements can be taken in the UTLS due to signal to noise constraints. However, high accuracy measurements can be taken, also during daytime, in the lower troposphere. This is attractive for NWP and LES applications. Moreover, the highly accurate low altitude profile could be used as a calibration source for high altitude WVRL measurements.
Enabling (laser) technology developments

The reliable long term operation of WVRL systems could benefit greatly from a new generation of high power (Nd:YAG) laser sources. Nowadays, the vast majority of these lasers is driven by fashlamps. These impose thermal stress on the lasing medium and require a very reliable cooling system for the safe operation of the laser – and therefore the lidar. In recent years, diode pumped Nd:YAG lasers that relieve some of these burdens, have become available, albeit at a relatively high cost. In case this diode pumped technology becomes available at a lower initial cost, more WVRL systems could become available for (networked) application of high accuracy, high altitude water vapour measurements.

With regard to the laser sources for DIAL techniques, recent developments in laser technology have enabled the construction of relatively low-cost WV-DIAL systems for application in the lower 5 km of the atmosphere that would be well suited for NWP and LES applications (Nehrir). These laser developments are presently under development for application in commercial lidar systems, that have the potential of a ‘Water Vapor Ceilometer’, i.e. a small trurn-key lidar for water vapor.
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