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ABSTRACT

A major Met Office Project to replace and standardise the design of its AWS systems has taken place over the past two years.  The new system is the Meteorological Monitoring System (MMS), which has replaced several pre-existing systems, the most commonly used of which was the Semi-Automatic Meteorological Observing System (SAMOS).  
Pressure (a key meteorological parameter), was previously measured using a variety of different sensors, systems and interfaces.  Although this did not pose any significant concerns with respect to the reliability and accuracy of pressure measurement, the introduction of a new system offered the opportunity to establish greater uniformity.  Thus MMS includes a new pressure sensor, measuring environment and recording system, which is now homogeneous across the network.  
An extensive comparison of pressure data has been carried out from a same-site field trial of SAMOS and MMS systems.  Instrumental differences, and the environmental influences of wind and temperature have been evaluated.  In addition, the derived pressures (QFF, QFE and QNH) and coded observations calculated from raw data were verified.  Conclusions are drawn on system differences and improvements, and the current potential sources of error in reported pressure observations.

1. Introduction
During 2008 and 2009 the Met Office undertook a major project to replace and standardise the design of its AWS systems. Prior to this, a number of different systems were in use across the network of surface stations, including the Semi-Automatic Meteorological Observing System (SAMOS), Climate Data Logger (CDL), Enhanced Synoptic Automatic Weather Station (ESAWS), and Severe Icing Environment Synoptic Automatic Weather Station (SIESAWS).  The main difference between the old systems and MMS is in the data logging and communication hardware.  Whilst the old systems performed calculations on site, and sent out coded observations at a frequency generally not exceeding once per hour, in the MMS system, minute-resolution data is sent back to HQ in near real-time in almost all cases, where the subsequent calculations and coding are then performed. The minute data is stored in Campbell Scientific Loggers at each site, and is calculated by the logger from higher-resolution raw samples received from each of the various sensors. The processing algorithms used to derive the minute data and coded observations should be largely identical in MMS when compared to the old systems.
Since surface data is used for a wide variety of purposes both within the Met Office and externally, a vital part of the MMS project is a comparison of data collected by the old systems and MMS. The main aims of this comparison are:

(i) to validate the MMS pressure measurements 

(ii) to identify any faults in the data handling/output of the new system and

(iii) to allow accurate quantification of any systematic differences which are found to exist and cannot be eliminated. 

WMO required accuracy for pressure is as +/- 0.1 hPa, with an achievable operational accuracy specified as  +/- 0.3 hPa, and station height should be recorded to the nearest metre (WMO, 1996). 
2. Methods

At SAMOS sites, the pressure sensor typically comprised of a Solatron Vibrating Cylinder transducer housed within the pressure Intelligent Sensor Unit (ISU).  This was located either indoors or outdoors and sometimes fitted with a static pressure head to minimise the effect of the wind or air conditioning on the instrument.  ESAWS sites often used a different system, a Rosemount pressure sensor.  The SAMOS pressure sensor being compared in this section is a Solatron transducer (with no static pressure head), located inside the main building at the Camborne site, southwest England.  Data from the SAMOS system 
With the introduction of MMS, pressure measurement is standardised using the Vaisala PTB220 series digital barometer, which is located outdoors and uses a static pressure head (Figure 1.1).  This instrument is designed for demanding automatic weather-station applications, and provides a high level of accuracy.  The PTB220 model deployed in MMS uses three pressure transducers in each unit, allowing limits to be set by which the transducers must agree for reliable measurement.  The PTB220 uses BAROCAP(c) sensor technology (silicon capacitive absolute pressure sensor).  It is designed for demanding AWS applications and has 3 pressure transducers per unit, providing in-built redundancy and CAA compliance.
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Figure 1.1:  (a) Vaisala PTB220 Digital Barometer (b) located outdoors, inside a Glasdon cabinet and attached to a static pressure head.  This is the standard setup for pressure measurement in the MMS system.  
For the purposes of this comparison, an MMS test system (‘Camborne pallet’) was installed at Camborne, consisting of a full suite of sensors connected to the MMS system, including a Vaisala PTB220 digital barometer.  Comparisons are described for one-minute and hourly SYNOP pressure values at both ‘as read’ and sea-level heights.  ‘As read’ pressure is defined as the pressure recorded at the pressure sensor height.  Sea-level pressure is the pressure corrected to mean sea level, and is also referred to as QFF.  Other derived pressures (QFE and QNH) are discussed in Section 3.3.

For SAMOS, minute data is available in ‘arbiter’ files which are automatically generated for all SAMOS sites. For MMS (pallet and additional sensors), minute data is available through the MMS user interface, and is extracted for the comparison by use of a software utility.
3. Results and Discussion

Both SAMOS and MMS systems use the same algorithms to calculate derived pressures (QFF, QFE and QNH), in accordance with the Met Office approved algorithms.  Reported pressure values are always rounded down to a resolution of 0.1 hPa for reasons of aviation safety.  This is the case with both SAMOS and MMS, but there is a minor difference between the two. SAMOS rounds ‘as-read’ pressure to a resolution of 0.1 hPa before calculating the derived pressure, as well as rounding down the final result, whereas MMS takes the ‘as-read’ pressure as a floating-point number (raw value) to use in its calculation of the derived pressure and only rounds down the final result.  

Tests were carried out to analyse the minute-by-minute variability of ‘as read’ pressure within the MMS and SAMOS systems.  A day was selected at random (20 Sept 2008, 00:01 to 21:54) (Figures 3.1 (a) and 3.1 (b)).  The smaller range of MMS (-0.04 hPa to +0.08 hPa) in comparison with SAMOS (-0.2 hPa to +0.2 hPa) in the same time period indicates less noise within the MMS system.
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Figure 3.1 (a):  Minute-by-minute variability of ‘as read’ pressure for MMS, 20 September 2008.  The ‘as read’ pressure data is available as a high-resolution real number but is shown to a resolution of 0.01 hPa to aid readability of the chart.
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Figure 3.1 (b):  Minute-by-minute variability of ‘as read’ pressure for SAMOS, 20 September 2008.  The ‘as read’ pressure data is available only to a resolution of 0.1 hPa as it is pre-rounded prior to storage in the arbiter file.
These tests revealed that reduced instrument noise was associated with the MMS system in comparison with SAMOS.  By only rounding down the final result, this leads to improved accuracy of derived pressures.  Inevitably the differences in rounding will lead to minor discrepancies in the SAMOS vs. MMS comparisons, and this is explained where applicable in the following sections.

3.1 “As Read” Pressure

i) One-minute SAMOS-MMS comparison
A time-series of the period 1 July 2008 to 27 September 2009 is shown (Figure 3.2).  A major step change in the data is evident during May 2009, the cause of which has been confirmed by the site manager as the replacement of the SAMOS pressure sensor.  A second step change occurs a week later when the correction on the newly installed SAMOS sensor was adjusted to bring it into line with the check barometer after a week of readings.  This is in accordance with standard barometer checking procedures which states that on installation of a new pressure sensor, 25 comparison readings (five per day) must be made against the check barometer. To standardise checks, both sensors are located at the same height and either both are connected to a static pressure head, or neither are connected to a static pressure head.   

During August 2009, a gap in the data is evident which is due to a week-long period where there were difficulties archiving the MMS data.
To avoid inconsistencies in the analysis, only data within the period 1 July 2008 to 5 May 2009 were included in the statistical analyses (Table 3.1).
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Figure 3.2: Time-series of (SAMOS – MMS) ‘as-read’ pressure one-minute data at Camborne.  The period used for statistical purposes is highlighted by the red bar (1 July 2008 to 5 May 2009) and shows a significant mean difference in pressure of -0.138 hPa.

Table 3.1:  Statistical results for (SAMOS – MMS) ‘as-read’ pressure one-minute data at Camborne, for the period 1 July 2008 to 5 May 2009.

	Minimum difference (hPa)
	-0.690

	Maximum difference (hPa)
	0.520

	Mean difference (hPa)
	-0.138

	Standard deviation (hPa)
	0.06


To highlight the difference between SAMOS and MMS ‘as-read’ pressure one-minute data, two short time-periods were selected showing pressure traces for 1200 UTC on 19 November to 1200 UTC on 20 November 2008 (Figure 3.3 (a)) and 06oo UTC on 23 April to 1200 UTC on 24 April 2009 (Figure 3.3 (b)).

Data from these periods reveal a mean difference of ‘as-read’ pressure of ‑0.1 hPa (SAMOS – MMS) which agrees well with the long-term mean difference over the trial period.  This is fairly uniform even in different types of pressure trend e.g. periods where pressure is varying rapidly within short timescales and periods where pressure is relatively stable.  
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Figure 3.3 (a): ‘As-read’ pressure traces for 1200 UTC on 19 November to 1200 UTC on 20 November 2008.  Blue: from Camborne Test Pallet MMS.  Pink: from Camborne SAMOS.  Vertical axis: Pressure, hPa.  Horizontal axis: Minutes since 1200 UTC 19 November.
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Figure 3.3 (b): ‘As-read’ pressure traces for 0600 UTC on 23 April to 1200 UTC on 24 April 2009.  Blue: from Camborne Test Pallet MMS.  Pink: from Camborne SAMOS.  Vertical axis: Pressure, hPa.  Horizontal axis: Minutes since 0600 UTC 23 April.

The mean difference found above in one-minute ‘as-read’ pressure (SAMOS – MMS) at Camborne, in association with a standard deviation of 0.06 hPa (Table 3.1), shows that there is a persistent offset between the pressure measurements of the two systems.

Further checks at Camborne concluded that this could be explained by two components:

1) For the one-minute data comparisons, the ‘as-read’ pressure values in the SAMOS arbiter file used in the comparison are pre-rounded down to a resolution of 0.1 hPa, whereas the MMS ‘as-read’ pressure values are raw values (un-rounded).  This would be expected to produce a mean difference of -0.05 hPa in the (SAMOS – MMS) comparison.

2) A physical height difference was measured between the SAMOS and MMS pressure sensors.  The SAMOS pressure sensor was located indoors on a shelf, ~0.5 m higher than the MMS sensor which is located outdoors on the test pallet. This would be expected to produce a mean difference of -0.06 hPa in the (SAMOS – MMS) comparison.

These two components lead to an estimated expected total difference in (SAMOS – MMS) ‘as-read’ one‑minute pressure value of -0.11 hPa.  This appears to closely reflect the results from the time-series analysis, which revealed a mean difference of -0.138 hPa, and from a pilot comparison report using data from the period 17-23 September 2008, in which a mean difference of ‑0.12 hPa was found.

In summary, for the ‘as-read’ one-minute data comparison (SAMOS – MMS), the systematic negative bias may be explained in terms of differences in rounding of the values being compared, and a physical height difference between the two pressure sensors. 
Environmental factors known to affect pressure readings are wind and temperature.  These factors were briefly investigated with respect to the (SAMOS – MMS) comparison and are summarised below.

The effect of wind on pressure 

The SAMOS pressure sensor is located indoors, without a static pressure head.  In contrast, the MMS pressure sensor is located outdoors and is fitted with a static pressure head, which is used to reduce the effect that wind has on the pressure sensor.

WMO (1996) discusses errors of using an indoor barometer (or pressure sensor) without a static pressure head. The wind can often cause dynamic changes of pressure in the room where the barometer is placed, and with strong and gusty wind these fluctuations may amount to 2 or 3 hPa superimposed on the static pressure. In a wind storm, often the indoor barometric readings are lower than they should be – however if a windward-facing window or door is open, the error caused by internal pressure is positive, making barometric readings higher than they should be (Liu and Darkow, 1989). The higher the wind speed, the greater the error. The pressure effects caused by wind are lessened where ventilation is restricted and achieved by many small openings well distributed e.g. leakage gaps around windows and doors, rather than large vents such as open windows; also single-storey buildings as opposed to tall buildings are less likely to be a problem (Met Office, 1982).
Comparing one-minute data for (SAMOS – MMS) ‘as-read’ pressure (Figure 3.4), it is evident that at lower wind speeds - below 20 knots - the absolute difference in pressure is fairly stable, remaining below 0.1 hPa. However, with increasing wind speed, there is an exponential increase in pressure difference between the two systems, up to a maximum of 0.4 hPa.  The difference becomes ‘noisy’ at higher wind speeds, due to the small amount of data available. Because SAMOS uses an indoor pressure sensor without a static pressure head, it is considered that the error observed is mostly due to the known issues associated with indoor barometers as discussed above.  

A 2nd-degree least-squares fit to the dataset is demonstrated (Figure 3.4), which is consistent with the error in the pressure measurement being proportional to the square of the wind speed (KE = 1/2 mv^2).
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Figure 3.4: Variation of ‘as-read’ pressure difference with wind speed (in 1-knot bins).  Solid line shows mean absolute pressure difference (SAMOS - MMS) over one-knot wind speed bins. Dashed line shows number of samples in bin, dotted line shows results of a 2nd-degree least-squares fit to the un-binned dataset.  The source data are adjusted to remove step changes which occurred due to replacement of the SAMOS pressure sensor in May 2009.

The effect of temperature on pressure 

The comparison reveals that as expected there is only a minor influence of temperature on the difference in pressure between SAMOS and MMS (Figure 3.5).

With a pressure sensor located indoors, temperature will remain relatively constant and therefore it would be expected that pressure differences in SAMOS are not significantly correlated with temperature. The location of the MMS sensor outdoors means that this instrument is potentially more susceptible to pressure differences due to fluctuations in temperature, although the instrument (Vaisala PTB220) is designed to compensate for temperature. The PTB220 technical specification states that over the entire operating range (-40 ºC to +60 ºC), temperature dependence is +/- 0.1 hPa. Although not specified, the results (Figure 3.5) suggest that temperature dependence of the PTB220 in a more typical narrower operating range is well within instrument specification.
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Figure 3.5: Variation of ‘as-read’ pressure difference with temperature (measured by MMS).  The solid line represents mean (SAMOS – MMS) pressure and the dashed line represents sample size.  

In summary, wind speed was shown to have an effect on pressure differences between SAMOS and MMS, particularly at higher wind speeds. This result is in line with research on indoor barometers, bearing in mind that SAMOS uses an indoor pressure sensor. The use of an outdoor pressure sensor with a static pressure head, as standard for MMS installations, should mean that pressure readings, especially during high wind conditions, will be more accurate. There was no significant variation in pressure differences between SAMOS and MMS as a result of temperature.

ii) SYNOP: derivation from one-minute data and SAMOS-MMS comparison

The one-minute spot values for SAMOS observations at HH-10 are shown alongside the values given in the corresponding SYNOPs, for a week-long period in November 2008 (Figure 3.6 (a)).  The same analysis is shown for MMS (Figure 3.6 (b)).  The observations agree throughout (and for this reason are difficult to distinguish on the graphs), except for minor rounding differences.  In the MMS analysis, the ‘as-read’ one-minute spot value, which is a raw un-rounded value, is compared with the corresponding SYNOP which is rounded down to a resolution of 0.1 hPa, whereas SAMOS is comparing like with like i.e. both the one-minute spot value and the SYNOP are rounded down to a resolution of 0.1 hPa.  This does not raise any concerns. 
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Figure 3.6 (a):  ‘As-read’ pressure values, hourly, for 1200 UTC on 19 November to 1200 UTC on 26 November 2008.  Pink: from Camborne SAMOS at HH-10.  Grey-green: from Camborne SAMOS-derived SYNOPs.  Vertical axis: Pressure, hPa.  Horizontal axis: Hours since 1200 UTC on 19 November.
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Figure 3.6 (b):  ‘As-read’ pressure values, hourly, for 1200 UTC on 19 November to 1200 UTC on 26 November 2008.  Blue: from Camborne Test Pallet MMS at HH-10.  Grey-green: from Camborne MMS-derived SYNOPs.  Vertical axis: Pressure, hPa.  Horizontal axis: Hours since 1200 UTC on 19 November.

3.2 Mean-sea-level pressure (QFF)

There are some instances where it was not possible to compare equivalent MMS and SAMOS data for pressure.  One such example is mean-sea-level pressure (QFF), where one-minute MMS data is available, but the archived one-minute SAMOS data file only includes ‘as-read’ pressure and not QFF pressure.  In this case, an alternative comparison using only MMS data was undertaken, detailed as follows.

i) Derivation of MMS SYNOP QFF from MMS one-minute data

QFF values reported in MMS-derived SYNOPs every hour were compared with the one-minute MMS QFF values, which are spot values taken at HH-10 each hour and rounded down to a resolution of 0.1 hPa for inclusion in the SYNOP.

Over the sample 24-hour period analysed (Figure 3.7), the one-minute rounded-down QFF pressure matched exactly that reported in the MMS-derived SYNOPs.  

As the automated process of producing SYNOPs does involve the rounding down of the raw one-minute values, there are no issues arising from this analysis.
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Figure 3.7: Pressure (QFF): MMS one-minute raw values, and one-minute rounded-down values in comparison with the equivalent MMS-derived SYNOPs each hour between 1250 UTC 1 January 2009 and 1150 UTC 2 January 2009 on Camborne Test Pallet.

ii) SYNOP: comparison of MMS-derived and SAMOS-derived values

Values reported in MMS-derived SYNOPs every hour were compared with those in SAMOS-derived SYNOPs (Figure 3.8).  The values are always close to each other, with insignificant mean bias (-0.004 hPa), and the highest magnitude of difference is 0.3 hPa.  
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Figure 3.8: QFF values, hourly, for 1200 UTC 19 November to 1200 UTC 26 November 2008.  Blue: from Camborne MMS-derived SYNOPs.  Pink: from Camborne SAMOS-derived SYNOPs.  Vertical axis: Pressure, hPa.  Horizontal axis: Hours since 1200 UTC on 19 November.

A pilot report, using data from the period 17-23 September 2008 found a small systematic positive bias in the mean for (SAMOS – MMS) QFF SYNOPs (of +0.06 hPa).  A further comparison of QFF SYNOPs was carried out on five days selected during the period 26 December 2008 to 5 January 2009.  This also revealed a small systematic positive bias in the mean for (SAMOS – MMS) QFF SYNOPs (of +0.03 hPa).

These three periods of comparison show that for QFF SYNOP pressure, the mean bias (SAMOS-MMS) is either negligible or there is a small systematic positive bias of up to 0.06 hPa. Further checks at Camborne concluded that two components are influential on the differences between SAMOS and MMS QFF SYNOPs:

1) Pre-rounding of SAMOS ‘as-read’ pressure for calculation of the derived QFF pressure would be expected to produce a mean difference of -0.05 hPa in the (SAMOS – MMS) comparison.

2) According to the settings files for heights of the pressure sensors for SAMOS and MMS at Camborne, there is a 1.5 m difference in their recorded height (88.5 m and 87 m respectively).  Since the two sensors are only 0.5 m different in height in reality, the QFF calculation which uses the documented pressure-sensor height would falsely adjust for this extra metre giving a SAMOS bias of +0.12 hPa.  

For QFF SYNOPs these two components would lead to an estimated total difference in (SAMOS – MMS) of +0.07 hPa.  

In summary, the small positive bias found during several comparison periods might be explained by differences in rounding between the systems, and by the height settings recorded for the two systems not being consistent with the actual height difference between the pressure sensors.

3.3 Additional derived pressures: QFE and QNH

Although QFE and QNH derived pressures are not stored in the SAMOS arbiter file for direct comparison with MMS, it was possible to verify that the MMS algorithms for these derived pressures were identical to SAMOS, the only minor differences being in the rounding methods as described previously.

The Met Office algorithm for QNH pressure (pressure at mean sea-level according to standard atmosphere), used in both SAMOS and MMS, was compared against the ICAO standard atmosphere (ISA) (ICAO, 2006).  It was found that over a wide range of input parameters and ‘as-read’ pressure values, the QNH values calculated match very closely, with a (Met Office – ISA) mean difference of +0.0207 hPa.
4.  Conclusions & Recommendations

Despite the fact that different instrument types situated in different environments were being compared in this study, there was very good agreement between SAMOS and MMS ‘as read’ and derived pressure measurements.  Any minor differences could be largely explained and raised no cause for concern.  The level of detail possible in the analysis of pressure data demonstrates the usefulness of having one-minute data readily available, as is the case with MMS.
The MMS system introduces some improvements to the accuracy of pressure readings, namely:

· Less instrument noise.

· Not ‘double’-rounding derived pressures.

· Standard use of an outdoor sensor with a static pressure head to reduce the effect of wind.

The analysis in Section 3.2 (ii) demonstrated that the largest error for derived pressures will most likely be caused by inaccurate recording of sensor heights in settings files.  Therefore, a re-assessment of station and barometer heights with a view to achieving sub-metre accuracy, as stipulated by WMO, is recommended.  Currently operational teams are working toward this aim at all sites.
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