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Abstract—This paper describes plans to investigate the potential of Integrated Profiling Stations to address the future requirements  of Numerical Weather Prediction (NWP) for higher resolution upper air observations. These comprise a combination of ground-based remote sensing instruments, such as microwave radiometers, cloud radars, wind profiling radars and laser ceilometers. Together these provide information on the vertical profile of temperature, humidity, cloud and wind. This information is concentrated in the boundary layer and complements that available from satellite and aircraft sensors. A variational method is presented to integrate the observations from these instruments with background data from an NWP model. The requirements and benefits of this method are discussed, including an analysis of the observations’ information content. Finally, methods are discussed to exploit the observations’ high time-resolution, which will potentially be of great importance to convective-scale NWP and compensate for the geographic sparsity of a future network of Integrated Profiling Stations. 
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I. Introduction
The Met Office, along with other National Meteorological Services, are currently reviewing the design of the upper air observing network to address the developing requirements to provide higher resolution data for convective-scale Numerical Weather Prediction (NWP) and Very Short Range forecasting. This review presents an opportunity to reduce the ongoing cost associated with radiosondes and exploit recent advances in  remote sensing instrumentation.

The stated requirements of all the Met Office users of upper air observations were reviewed [1]. These are expressed in terms of the accuracy, vertical and horizontal resolution, observing cycle and delay required of temperature in the boundary layer and lower troposphere, humidity and horizontal wind in the lower troposphere and column integrated water vapor for climate monitoring, global and regional NWP, synoptic, aeronautical and nowcasting 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. 
The user requirements are shown in Table 1 for regional NWP, which needs observations with better accuracy, vertical and horizontal resolution than global NWP. It is here that ground-based remote sensing is likely to have most impact as its information is concentrated in the boundary layer, which complements that available from satellite instruments, and because of its rapid sampling, which allows the high variability found in the boundary layer to be captured. However, it will be difficult to exploit this benefit without further development of assimilation systems (see later).

TABLE I.  User requirements of temperature , humidity and wind profiles for Regional NWP – minimum, breakthrough and maximum thresholds (as explained in text)
	NWP Regional
	Temperature (K)
Boundary Layer
	Temperature (K)
Lower Troposphere
	Relative Humidity (%)
Lower Troposphere
	Horiz. Wind 
Comp. (u,v) 
(m/s)


	
	Min.
	Brk.
	Max
	Min.
	Brk.
	Max
	Min.
	Brk.
	Max
	Min.
	Brk.
	Max

	Accuracy 
	1.5
	
	0.5
	1.5
	
	0.5
	10
	
	5
	3
	
	1

	Vertical 
Resolution (km)
	0.5
	0.3
	0.01
	2
	1
	0.1
	2
	1
	0.1
	2
	1
	0.1

	Horizontal Resolution (km)
	50
	10
	1
	200
	30
	3
	200
	30
	3
	200
	30
	3

	Observing 
Cycle 

(hr)
	3
	1
	0.16
	12
	3
	0.5
	12
	3
	0.5
	12
	3
	0.5

	Delay in 
Availability (hr)
	3
	
	0.08
	5
	
	0.25
	5
	
	0.25
	5
	
	0.25


The requirements for wind observations are considered to have the highest priority. However, it is important that these are considered together with the temperature and humidity as they are often found to be correlated and together can be used to identify changes in air mass. The fine structure in these observations is not fully exploited by current assimilation schemes.
All observing systems have strengths and weaknesses – none meet the breakthrough levels for all aspects (accuracy, vertical and horizontal resolution, observation cycle and delay). The best that can be expected is to achieve this level of performance from a combination of systems. 
II. Integrated Profiling Station
A. Integrated Profiling Station Concept
The concept of the Integrated Profiling Station is 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 the different instruments’ sensitivity to different atmospheric parameters in an extension of the original concept for temperature profiling [2] to retrieve vertical profiles of humidity, cloud and winds also.
This integration can be done within the assimilation cycle in an NWP model (in which case, there is no requirements for the instruments to be co-located). It can also be achieved in “stand alone” retrievals of atmospheric profiles, which can later be assimilated into NWP. This inverse problem is often ill-posed as an infinite number of atmospheric states fit a given set of observations within their errors. Extra information is needed to resolve the ambiguity this introduces in the retrievals. This a priori background information can either take the form of a statistical climatology or a short-range NWP forecast. The retrievals can be used in nowcasting applications, re-analysis of case studies, calibration/validation for satellite observation or the observations assimilated directly into an NWP model. 
B. Integrated Profiling Station Components

Prototype ground-based Integrated Profiling Stations are being developed to investigate their potential as components of the future operational upper air network to complement satellite, weather radar, in situ radiosondes and aircraft observations. Candidate components are illustrated in Fig. 1.
Figure 1.  Candidate components of an Integrated Profiling Station: 
(a) Radiometrics and Radiometer Physics’ microwave radiometers
(b) Vaisala LAP3000 Wind Profiling radar
(c) RAL FMCW Cloud Radar
(d) Vaisala CT25K Ceilometer
 

Microwave radiometers can provide information on temperature and humidity profiles by measuring down-welling atmospheric radiation at a number of frequencies near water vapor and oxygen absorption features and/or at different elevation angles [3]. Although the profiles retrieved from their observations have poor vertical resolution, they also provide accurate measurements of the integrated water vapor and liquid water amounts.  Simple radiometers operating in the thermal infrared are often integrated into profiling microwave radiometers to provide information on the cloud base temperature. 
Lidar ceilometers will also provide information on the cloud base height, but may also on the vertical distribution of aerosol, which in turn can provide an indication of the height of the boundary layer.

The signal from wind profiling radars is sensitive to gradients in the refractive index. This can be exploited to provide humidity profile information for boundary layer UHF systems and temperature profile in the free troposphere for VHF systems [4]. Additionally, a low-cost 94 GHz Frequency Modulated Continuous Wave (FMCW) cloud radar is being developed for deployment as part of the Integrated Profiling Stations. This will provide most of the information on the vertical distribution of cloud and contribute to the classification of precipitation required for the interpretation of wind profiler data.

Global Positioning System (GPS) receivers can also be used to estimate the Integrated Water Vapor content by measuring the delay of signals from satellites through the [image: image6.emf]atmosphere [5]. This can be used to constrain the retrieved [image: image7.emf][image: image8.emf]humidity profile, and may possibly replace some of the moisture channels of the microwave radiometer [3].
III. Integration Method
A. Principles of the Variational Method

Variational retrievals provide an optimal method of combining observations with a background, which accounts for the assumed error characteristics of both. For this reason they are often referred to as Optimal Estimation retrievals. [image: image9.emf]Variational methods used in the assimilation of observations into operational NWP are similar to the Integrated Profiling Technique [6], but take their background from the NWP model instead of radiosondes.

The variational retrieval is performed by adjusting the atmospheric state vector, x, from the background state, xb, to minimize a cost function of the form [7]:
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1)

where B and R are the error covariance matrices of the background, xb, and observation vector, y, respectively, H(x) is the forward model operator, T and -1 are the matrix transpose and inverse, respectively, using standard notation [8].

It is, therefore, important that estimates are available of the observation errors as well as accurate forward models to transform from observations to state space. 
The minimization of the cost function (1)

 requires the use of the Jacobian, H, which is the matrix of the sensitivity of the observation vector, y, to perturbations of each element of the state vector, x: 
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For non-linear problems, where H(x) is a function of x, the minimization of [7](1)

 must be implemented by an iterative method, such as the Levenberg-Marquardt  GOTOBUTTON ZEqnNum212002  \* MERGEFORMAT , by applying the following analysis increments iteratively:
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where xi and xi+1 are the state vector before and after iteration i, and Hi is the Jacobian  matrix at iteration i, ( is a factor, which is adjusted after each iteration depending on how J(x) has changed. As ((0 the step tends towards the same as Gauss-Newton; as ((( it tends to the steepest decent of J(x).
This can be a slow process, if a line-by-line radiative transfer model is used as part of the H(x) as this must be recomputed many times when calculating H(x) by brute force.

B. Error Analysis

One of the main advantages of the variational method is that it provides an estimate of the error in the analyzed state, xa. In fact this can be calculated even without performing any minimization. The uncertainty in the retrieved profile can be derived by assuming the errors are normally distributed about the solution and that the problem is only moderately non-linear. In this case, the error covariance matrix of the analysis, A, is given [7] by:
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where Hi is evaluated at the solution (or final iteration).

C. Information Content

It is also possible to express the information content of the observations with respect to the background as the Degrees of Freedom for Signal, DFS, which represents the number of layers in the retrieved profile which are retrieved independently [9]:
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where I is the identity matrix and Tr( ) is the trace operator.
As both A and DFS can be estimated without performing any retrievals or assimilation, they can quantify the benefits of different combinations of observations and used to trade-off different observing strategies. 
For example, Hewison [3] showed that observing 4 different elevation angles with a microwave radiometer and averaging these observations over 5 minute periods increased the DFS for temperature by ~50% (from (3 for instantaneous zenith observations only). This would improve the accuracy of temperature profiles retrieved from the observations as well as their vertical resolution. Results of the DFS analysis for different combinations of radiometer elevation angles and averaging periods are given in Table 2.

TABLE II.  Degrees of Freedom for Signal in temperature (DFSt) and humidity (DFSq) available from Radiometrics TP/WVP-3000 in different configurations with/out averaging 55-59 GHz channels.
	
	Instrument Combination
	Averaging Period
	Clear
	Cloudy

	i) 
	ii) 
	iii) 
	DFSt
	DFSq
	DFSt
	DFSq

	(a)
	Radiosonde
	Instantaneous
	8.6
	7.1
	8.6
	7.1

	(b)
	Surface sensors only
	Instantaneous
	1.0
	1.0
	1.0
	1.0

	(c)
	(b) + Radiometrics TP/WVP-3000
	Instantaneous
zenith obs. only
	2.8
	1.8
	2.9
	3.0

	(d)
	(b) + Radiometrics TP/WVP-3000
	Averaging obs.
over 300 s
	3.2
	2.0
	3.3
	3.0

	(e)
	(c) at 4 elevation angles + zenith IR
	Averaging obs.
over 300 s
	4.4
	2.7
	4.4
	5.0


In a similar way, DFS could be used to evaluate the relative benefits of different instruments to the retrieval of particular state vectors, such as temperature, humidity and/or cloud profiles. However, the results also depend on the assumed accuracy of the NWP background information (B). This could be exploited in the evaluation of different network densities and their distribution by adjusting B, following [11].
D. Assimilation v retrievals 
Data from Integrated Profiling Stations can be used in NWP models in different ways. Either profiles can be retrieved and these assimilated as if they were radiosonde profiles, or the observations can be assimilated directly. The former has the potential to allow retrievals to be performed at higher vertical resolution than the model grid, capturing finer details of the atmospheric profile, which are not represented in NWP models. It could also be used to validate model fields if the background used is independent of NWP. The latter approach has the advantages of not requiring the instruments to be co-located and of being statistically optimal, so it should maintain thermodynamic balance in the NWP model. For these reasons, we plan to investigate both approaches.
E. Exploiting High Time-Resolution
One of the greatest potential benefits of ground-based observations is their high time-resolution. However, to fully exploit their requires a 4-Dimensional assimilation scheme, such as 4D-VAR. This has the potential to correct errors in the timing of atmospheric features’ passage, which has knock-on effects on larger scales. As well as direct assimilation of observations in 4D-VAR, it is also possible to use it to assimilate profiles retrieved by 1D-VAR [12]. However, 4D-VAR is computationally expensive, so although it is now operational in global models at the Met Office and other centers, it is not expected to be implemented in operational convective-scale NWP models for several years. Meanwhile, other methods of exploiting the observations’ rapid sampling can be investigated.
One of the basic assumptions about the potential benefit of observations from ground-based instruments is that their high time-resolution can be used as a proxy for horizontal resolution in the direction of atmospheric advection. Many operational 3D-VAR schemes use the First Guess at Appropriate Time (FGAT) method to allow for this by comparing the observations with the model background at the sample time.

A relatively simple scheme has been demonstrated that uses the variability of a time series of observations to calculate the representativeness component of R in real-time [3]. It is also possible to use these observations to estimate the sub-gridscale variability within each model box and relate this to other quantities in the model. For example, if cloud fraction is included as a control variable in the model.
IV. Testbed Plans

To investigate the potential of Integrated Profiling Stations as part of future Upper Air Network, the Met Office are planning a Testbed deployment at 3 sites in the data-rich southeast of England during 2008-09. Data from this testbed will be used to develop the quality control, atmospheric classification and integration methods. 
Systematic comparison of the observations with forward-modeled NWP output over extended periods will be used to validate the instruments observations, forward models and error characteristics using statistics of long time series. Also case studies will be used to investigate improvements in the observations’ quality control by integrating different instruments’ data and to show the systems’ potential to observe extreme weather events.

The Testbed deployments will also be used to provide data for assimilation by high resolution NWP models. This will allow Observing System Experiments (OSEs) to investigate whether different instrument combinations can improve the model background, by adding features missing from profiles or suppressing errors in profiles. The same dataset will demonstrate whether the observations from Integrated Profiling Stations can replace or complement those from other observing systems, such as radiosondes, aircraft and weather radar and, ultimately, improve the NWP model’s forecasts.
V. Conclusions

 Integrated Profiling Stations which the strengths of different ground-based remote sensing instruments to provide profiles of temperature, humidity and cloud. The retrieved profiles of temperature, humidity and cloud are physically consistent and collocated with wind profiles, which should help maintain balance in the NWP model. 
Variational methods can combine observations from co-located ground-based remote sensing instruments with background from an NWP model. They require the instruments to be sensitive to parameters of state-space, forward models to be defined to transform from state- to observation-space, and error bars to be defined for the observations and background.
The variational method also provides estimates of the uncertainty on the retrieved profile and the information content in terms of degrees of freedom for signal. These concepts can be used to trade-off different observing strategies to optimize the design of future upper air observing network. This is expected to show most of the information from Integrated Profiling Stations is concentrated in the atmospheric boundary layer. This complements information available from satellite instruments over land areas.
Testbed deployments are planned to evaluate the potential of Integrated Profiling Stations and investigate the best method of assimilating their observations and how to exploit their high time resolution.
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