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Abstract
The UK Met Office is currently working on the development of the terrestrial based component of a new upper air observing network to meet user needs in future High resolution numerical weather prediction [NWP] model. One type of instrument can not provide the spatial and temporal continuity needed for a high resolution model, only a combination of different types of instruments can meet the user need. The south east of UK is going to be equipped with a dense network of integrated profiling station including wind profiler, cloud radar, ceilometer and radiometer. Used together with other observations like AMDAR, Weather radar, auto-sonde, the network will be able to provide continuously 3D information with a spatial horizontal grid around 50 km and with a vertical resolution of around 200m to 300m for winds, temperature and humidity, in the first 2 km. This paper describes how observations from different profiling systems at a given site may be integrated to give improved atmospheric profile information in future

1. Introduction

At the UK Met Office, the Future Upper-air Network Design (FUND) Project will define and implement the terrestrially based component of the Upper-air Observing Network in the UK that will supersede the current network in 2012, and operate for at least 10 years. This network will be designed to complement information available from satellite observing systems. It is required to provide a wider range of observations at an increased frequency, spatial density and reduced unit cost. The aim is to meet the needs for weather forecasting more fully, most notably supporting the drive towards high resolution (HiRes) NWP high-impact weather forecasting in the UK. In this paper we will describe the development of integrated profiling station in the framework of the FUND project with some case studies to illustrate the potential of the collocation of different instruments to improve meteorological observations in the boundary layer.

2. Observation Requirements and observing system limitations
Before commencing the project, the Met Office use of upper air observations was reviewed (Stringer 2006). Requirements are expressed in terms of the accuracy, vertical and horizontal resolution, observing cycle and delay required. Variables to be measured include  temperature in the boundary layer and lower troposphere, humidity and horizontal wind in the lower troposphere and column integrated water vapour for climate monitoring, global and regional NWP, synoptic, aeronautical and now-casting applications. The requirements are defined in terms of the minimum threshold for observations to have any impact on each application, the breakthrough threshold at which the observations could provide a significant advance in forecast, and the maximum threshold, above which no significant benefit will be felt. 
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Table 1:User requirements of temperature , humidity and wind profiles for regional numerical weather prediction in the UK Met Office – minimum[min], breakthrough[brk] and maximum[max] thresholds (as explained in text)
Examples of user requirements for temperature, humidity and wind are shown in Table 1 for regional NWP 
While a number of existing remote sensing and in situ instruments deliver measurements of moisture, temperature, cloud, and wind, no one instrument by itself is sufficient to provide all the required measurements for the new network..

· Radiosondes do provide high quality measurements of temperature, humidity and wind; however those measurements are sparse, in time and space, and only represent a spot measurement. Operational radiosondes do not provide cloud information.

· AMDAR data provide profiles of temperature and wind along ascent and descent of flight, however the spatial distribution is concentrated around airport. Observations in the UK are rarely obtained during night and in severe weather conditions.
· Satellite microwave and infrared radiometers are used to retrieve thermodynamic profiles. Winds are derived from geostationary satellites by tracking cloud or water vapour structure, but coverage is usually limited. Generally  most satellites systems  do not provide the necessary vertical, horizontal and temporal resolution to characterize the variation of conditions in the planetary boundary layer. Passive satellite systems do not have the vertical and horizontal resolution necessary for cloud property estimation.
· Ground based remote sensing instruments such as microwave radiometers can measure with a good accuracy the integrated water vapour and liquid water in all weather conditions except during rain. They can also provide temperature and humidity profile. All these measurements can be done with a 30s time resolution. However the vertical resolution is poor and above 3km microwave radiometer temperature and water vapour profile have little skill.

· Raman Lidars have proved to be an effective tool for retrieving water vapour profile with high temporal and vertical resolution under clear sky conditions. Their use however is limited at the moment  by cost, the relatively short life of some components and complexity. The lidars  are still in transition from  a research tool to an  operational unattended instrument.

· Wind profilers (UHF and VHF) were originally designed for high temporal resolution wind measurements, independent of whether there was rain or not. The radar technology allows good vertical resolution ranging from 50 m in the boundary layer up to 500 m in the upper troposphere. Vertical velocity is measured in addition to horizontal velocity. In clear air, the signal to noise ratio also contains information about the gradient of the refractive index in the vertical., and so it is expected that the combination of vertical measurements with signal to noise can allow  identification of the top of the convective boundary layer. When hydrometeors are present, the backscattering from the hydrometeors is often larger than that from clear and in this case the scattering mechanism and information content in the signal is different from the clear air and more like that in weather radar.

· Weather radars use smaller wave lengths than wind profilers, so scattering from hydrometeors is stronger relative to clear air scattering. Whilst rain rate at the surface is used by many customers, the vertical structure of backscattered signals is now being assimilated into NWP forecasts. Doppler radars provide wind measurement in rain [both vertical profiles above the radar and radial winds for the area around the radar], but not in dry condition.  Changes in refractive index [temperature and humidity] near the surface can be inferred from the stability of ground clutter returns.

· Laser cloud base recorders (LCBR) provide operational reports of  cloud base height. However, the backscatter signal can also provide information about aerosol, and so also about changes in air mass.

· Cloud radars operating at even smaller wavelengths than weather radars can measure drizzle, fog top,  cloud top and [cloud base  when no drizzle is falling  from the cloud base]  and the motion of the cloud drops within the cloud when the instrument is Doppler. The cost of purchasing and operating cloud radars  is still quite high for pulsed radar systems. FMCW radars are cheaper, and their effectiveness and limitation are to be examined in the FUND project.

Only a combination of observing systems including radiosonde, AMDAR data, integrated ground base remote sensing and satellite observations can be expected to achieve the level of observing network performance required by the user. It is in the boundary layer that ground-based remote sensing is likely to have most impact as most of its  information is concentrated in the first 3km, which complements what is available from satellite instruments. However, as mentioned above each instrument used on its own has some weakness like lack of vertical resolution, target ambiguity (cloud drop, drizzle or clear air for cloud radar and wind profiler). Several works (Westwater 1983, Bianco et al 2005, CLOUDNET project) have shown that more parameters can be extracted when collocated observations are used together. Also for all remote sensing instruments quality control is an issue which can be better handled when observations from different sensors are co-located 

3. Development of Integrated Profiling Station 

An Integrated Profiling Station is formed by the co-location of different ground-based remote sensing instruments, whose observations are combined (often with NWP model data) to produce the best estimate of the true atmospheric profile. This approach aims to exploit each  instruments’ sensitivity to different atmospheric parameters to retrieve vertical profiles of humidity, cloud and winds also.

3.1
Preliminary results
Preliminary studies done at the Met Office and in the scientific community (CLOUDNET) have already identified some instruments which when used together resolve ambiguity in the physical processes involved in the measurement, thus improving the use of the information. The potential operational candidates are wind profilers, laser ceilometers, cloud radars, and radiometers.

3.1.2
Examples from wind profilers

For wind profilers the results obtained from several case studies (COST-720 Final report) have shown that in addition to horizontal wind measurements the following parameters might be measured 

•
Height of significant levels or lids in atmospheric profiles (Figure1)

•
Identification of convective boundary layer

•
The top of convective boundary layer (Figure 2)

•
Height of cloud top (Figure 3)

•
Vertical speed: showing in convective situation, updraft, downdraft changing on time scales of a few minutes, but also possible to average for synoptic scale (every hour) (Figure 4)

•
Height of the bright band associated with melting layer.

•
The wind profiler sensitivity to the vertical gradient of the refractive index was promising and is probably a key element in resolving the vertical structure in the temperature and humidity obtained from the radiometer, but more work needs to be done to understand the limits on the possible quantification that can be achieved (Figure 5).
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Figure1: Scatter plot of local maxima location of the range corrected signal profile and the corresponding maxima found on the computed gradient refractive index from collocated radiosonde, (Gaffard 2000). These maxima correspond to lids capping convection.

     [image: image3.wmf]
Figure 2: Signal to noise ratio measured by the wind profiler at Linkenholt on  25 August 2005, 07:30-14:10 UTC from 75 to 2150m agl. The stronger signals associated with the top of the boundary layer build up to over 1000m from 8:30 UTC onwards. The vertical bands of strong signals from 10:40 UTC to just after 11:00 UTC and 12:00 to 12:15 UTC come from falling precipitation. After each of these events the top of the boundary layer has clearly fallen to 500m or lower, and can be seen to recover to over 1000m by 13:00 UTC, (Gaffard et al 2008).
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Figure 3a: Range normalised Signal to noise ratio + cloud base (black white filled dots measured by a ceilometer).The  layer of strong signal to noise should correspond to a hydro-lapse throughout the day, see the radiosondes at 10.00 and 11.00 UTC  in Fig.3b.. This may or may not correspond to cloud top, probably does between 12.00 and 16.00 UTC. The time evolution of the SNR suggests that this hydro-lapse remained and moved down when the cloud disappeared.
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Figure 3b 10.00 UTC radiosonde at Linkenholt shows a strong hydrolapse at 1.35km above sea level, [1.15km above ground level] corresponding to the strong signal to noise observed by the wind profiler at this height. At 11.00 UTC the hydrolapse was slightly lower, [layer of strong signal to noise also slightly lower at this time and here probably corresponded to the cloud top. The radiosondes do not give a good indication of the vertical extent of the cloud seen , for instance  between 10.00 and 12.00 UTC, clearly showing the need to combine observations from different systems to give an accurate description of what is present over the site.


[image: image6]
Figure 4: Vertical speed on 13 July 2005 at Linkenholt: updraft (yellow to red) penetrating the 

down draft (light blue to dark blue) time duration 5 to10 minutes, black and white dots show the cloud base as measured by a ceilometer. Without a cloud radar it is difficult to be sure that some of the down draft are not in fact drizzle or drops falling from a  cloud.
[image: image7.jpg]2200

hasl

SNR (dB) (wind profiler 15/05/02) Camborne

. . . .
12 13 14
timeinh

40




 Figure 5a:Signal to noise ratio of wind profiler (dB scale) on 15/05/2002 at Camborne. White and blue circles show cloud base reported by ceilometer. 
[image: image8.jpg]2200

(dn/dz)? 15/05/02
2000
1800
1600
1400
_ 1200
E)
i
<
1000
800
600
400
200
0 . , . ‘ ‘ ‘ ‘ ‘
8 9 10 2 + . " N
timeinh





Figure 5b:Time-height series of squared gradient of the refractive index (dB scale) computed from hourly radiosonde on 15/5/02, Camborne. The evolution of the square of the refractive index (dn/dz)2 computed from the radiosondes during the day shown in Figure 5b is in very good agreement with the evolution of range-corrected signal to noise ratio above 300m.. All the hydro-lapses and temperature inversions which make strong discontinuities in the refractive index correspond to enhanced signal in the radar data. 
The extraction of all these parameters from wind profilers requires the use of other instruments to be able to separate clear air echo scattering (Bragg scattering) from hydrometeor scattering (Rayleigh scattering). Similarly, for cloud radars, the CLOUDNET project showed that using ceilometers, microwave cloud radar and temperature and humidity profile from a NWP model allowed the extraction of cloud fraction, IWC, LWC, cloud boundary and classification (drizzle, ice) to list a few.  A radiometer was used to calibrate cloud radar reflectivity.

The use of collocated wind profiler and cloud radar should allow the measurements of cloud properties with less exacting observing system requirements. For example with a FCMW radar the full range of vertical velocity necessary for all conditions would limit the vertical resolution of the cloud radar to an undesirable extent. However, in rain, the wind profiler gives very good signal with a very large full range of vertical velocity, so such a wide range of vertical velocity is unnecessary for the FMCW radar. 

3.1.3
Example of combining wind profiler with laser ceilometer output

From other case studies the association of wind profiler with ceilometers allows identification of changes in air masses. (Figure 6a,b)


[image: image9]
Figure 6a:Time height cross section of backscatter signal for a LD40 cloud base recorder. 


[image: image10]
Figure6b: Time height cross section of wind direction as measured by the wind profiler. Southerly wind corresponding to the sea breeze can be seen in the first 600m 

The small change in the value of the backscattered signal in Fig.6a corresponded  to a change in the wind direction from the wind profiler, a drop in the surface temperature and an increase in the humidity which characterise the see breeze front.

Ceilometer manufacturers are now developing algorithms to measure the height of the convective boundary layer when enough aerosols are present. Infrared radiometer measurements  plus ceilometers can give cloud base height and temperature. 

Newly developed wind sensing lidars at 1.1 micron, as deployed at Chilbolton, utilise vertical velocity measurements in diagnosing the depth of the boundary layer and could be used to validate similar products from wind profiler radars.

Collocated instruments have also been used in diagnosing malfunction in remote sensing instruments and this type of diagnosis needs to be improved in future operational networks.

These preliminary studies have highlighted the potential benefits of integrated products and have also highlighted the necessity of using atmospheric classification to better exploit the data from the collocated systems.

3.2
 Development tasks

Basically 3 scientific tasks are needed to implement the FUND integration

a Development of atmospheric classification

b. Development of integrated quality control.

c. Development of signal processing for new parameter estimation and forward operators for data assimilation

At this stage the new parameter can be for example a retrieved profile or the fog top which be can be used for now casting, or a raw or averaged measurement with its forward operator. The product will be then compared with model background to either validate some model parameterisation, or to establish the representativeness error required to assimilate the information in NWP. 

a Atmospheric classification 

- Target type

For the wind profiler the 1st type of classification is the determination of scattering mechanism: Bragg, Rayleigh. 

In the Rayleigh scattering for the cloud radar, the wind profiler, the ceilometers, the radiometer we want to determine the type of target: insect, drizzle, snow, water cloud, super cooler water, ice cloud.

Here it is clearly important to identify which are the most important problems encountered in UK conditions when attempting to discriminate between the different types of scatters, e.g. are spurious echoes from insects a serious problem at the sites where we wish to observe or not?  Can we reliably detect the difference between light drizzle and snow in winter conditions?

-Atmospheric Variability

The 2nd type of classification is about the variability of the atmosphere. High time resolution data (~10s sampling repetition rate) and spatial variability where possible for scanning instrument might be a tool for representativeness error evaluation and time /space averaging strategy.

b Development of integrated quality control.

The collocation of instrument should allow a consistency check between measurements. For operational implementation this should facilitate the monitoring of each instrument. For example an increase delay in the recovery time for the radiometer after the rain, might indicate a problem in the radiometer dryer system. The use of other rain indication from other instruments on site (cloud radar for example) could be used to flag the data meanwhile fixing the technical problem on site. Integrated water vapour from GPS can be used to check radiometer stability.

c Signal processing for new parameter estimation and forward operator.
The classification should allow improving the characterisation of the physical process involved in the measurement. This should allow definition of  algorithms to retrieve the parameter or definition of an  observational operator to link observations to NWP variable. The retrieved product will be evaluated by comparing to radiosonde or other instruments (i.e.: cloud radar for cloud parameters) when available and to the NWP model equivalent. 

4 Implementation 

Within the FUND Project, enough equipment has been purchased to operate at least three (or 4) integrated profiling sites and this will use all other available observations in order to assess the different observation scenarios

In order to facilitate the integration of data from these instruments, the data will be  sent to a hub. Figure 7 show a snapshot of what is currently sent in real time form our testing site at Camborne. Software has been developed to harmonise the data format.

A test bed will be set up in 2009 in the south of England, to test different observation scenario. Figure 8 show how the instrumentation will be distributed. By using operational instruments already in place 2 complete integrated profiling station will be in place, more cloud radar are probably going to be purchased to complete the other site ,
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Figure 7: snapshot of the data transfer status to the Met Office hub

Other sources of data can be envisaged in future from other meteorological agencies through participation in  COST ES0702  and a possible  WMO WIGOS demonstration project..
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Figure 8: Location of instrumentations for the test bed in UK from summer 2009 until summer 2011. The first circle around weather radar is at 50km .The network will be able to provide continuously  a 3 D information with a spatial horizontal grid around 50 km and with a vertical resolution of around 200m to 300m for winds, temperature and humidity, in the first 2km. 
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