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ABSTRACT
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, the most widely used of these being the Semi-Automatic Meteorological Observing System (SAMOS).

As part of the replacement project, a major comparison of measurements made using the new system and older systems was undertaken at Camborne in southwest England. One of the most important parameters for the purposes of climate monitoring and operational meteorology is the screen temperature. We will discuss here the detailed results of the side by side comparison of temperature measurments made by each system. The results are discussed in the context of user required accuracy limits and known issues affecting surface temperature measurements. Outstanding issues and recommendations for future work are also presented. 
Introduction

During 2008 and 2009 the Met Office undertook a major project to replace and standardise the design of its AWS systems. Replacing a number of systems previously in use throughout the network is the Meteorological Monitoring System (MMS). As part of the replacement, an extensive side by side comparison of MMS and the most widely used older system, SAMOS, was conducted at Camborne in southwest England (Figure 1). In this paper, the results of the side by side testing of temperature measurements will be presented. The main aims of the temperature comparison were as follows:

(i) to validate the MMS 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. 

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 using an ‘Intelligent Sensor Unit’ (ISU) interface, 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. SAMOS also calculated minute values from raw data, though these were stored only on a local PC at each site. In the case of temperature measurement, the minute value is calculated by taking the mean of four samples taken at 15 second intervals. The processing algorithms used to derive the minute data are identical in MMS and SAMOS. The sensor employed, a 100( PRT thermometer, is also identical in design for each system. Therefore, an excellent level of agreement should be possible between the measurements made using both systems. 
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Figure 1: Map of the southern UK showing location of the Camborne trial site
Method
During the initial stages of the trial temperature measurements were made in two separate screen of identical design. The separation between these screens was around 50 metres. This set-up was initially considered satisfactory for the purposes of the comparison, despite the physical separation of the screens. This is because of the identical screen designs and also because both screens were located over open grass surfaces. Initial analysis conducted during the trial, however, suggested that differences in the measurements were larger than might be expected when using identical screens placed in close proximity (e.g. Perry et al., 2007). In order to eliminate any difference which resulted from screen siting and condition aspects, the set-up was modified to place the MMS PRT within the SAMOS screen. Furthermore, in order to provide extra comparison possibilities, an extra MMS PRT was installed in the SAMOS screen with the original SAMOS and first MMS PRTs. The PRTs were located so as to minimise the distance between sensors whilst still allowing sufficient room for circulation of air around each sensor. Figure 2 (a) shows the set-up of the PRTs within the screen at the start of temperature trials in the same screen. 
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Figure 2: Set-up of PRTs within the SAMOS screen. (a) initial set-up (b) modified set-up (changed on 12 May 2009).
Results
i) Comparison of minute data in same screen

When comparing differences between temperature as measured by each system on a minute to minute basis, small, short-period fluctuations could frequently be found, particularly during daylight hours. This is not unexpected since short period fluctuations in temperature are a natural consequence of small scale turbulence in unstable conditions. The fluctuation in the temperature difference likely arises from imperfect synchronisation of the time stamping of each system, or of differences in the exact time at which each system takes the raw data samples which comprise each minute value. To eliminate these fluctuations and investigate longer term, systematic differences in the measurements, data was grouped into each hour of the day, and a mean difference (SAMOS-MMS) for each hour was calculated. Two periods of approximately one month were chosen, spanning 16 Jan – 13 Feb 2009 and 29 May – 1 July 2009. The first period includes the coldest days of the 2008-2009 winter, and the second includes some of the warmest days of the 2009 summer. This ensures that differences can be evaluated over as wide a range of ambient temperatures as possible. 

Figure 3 shows the results for the winter period. The first observation is that there is a small mean offset of about 0.04˚C between SAMOS and MMS (DB1) dry-bulb temperature measurements. Superimposed upon this is a diurnal cycle in the temperature difference. The amplitude of this diurnal cycle over the period is 0.03˚C and the peaks in the cycle occur around sunrise and sunset. If the mean offset is removed, it can be seen that MMS reads higher than SAMOS around sunrise, with the peak difference at around 0900 UTC. Conversely, at sunset, MMS reads lower than SAMOS. Although the differences are well within user required accuracy limits, the effect was deemed significant enough to warrant further investigation. The timing of the peaks in the cycle suggests that low-angle solar radiation may be at least in part responsible. For example, Hubbard et al. (2001) found that the ratio of solar radiation entering the screen to incoming exterior global solar radiation was highest at low solar elevation angles. Solar radiation entering the screen in this case may account for the differences, owing for example to differences in exposure to this radiation, arising from differences in positioning of the PRTs within the screen.  During the period in question, the MMS sensor was located east of the SAMOS sensor (see Figure 2 (a)). This would be consistent with the observed relative minimum in (SAMOS – MMS) at sunrise; however, since this evidence on its own cannot prove that low-angle radiation is the cause of the feature, further investigation was required.  

For this reason, the sensors were re-arranged so that the first MMS sensor (DB1) was located west of the SAMOS sensor, and the second MMS sensor (DB2) to the east. The modified set-up is shown in Figure 2 (b). Figure 4 shows the hourly mean differences between the SAMOS and each of the MMS sensors over the summer period (29 May – 1 July 2009), after the sensors had been rearranged. It can be seen that the diurnal cycle in differences between the SAMOS and each of the MMS sensors was similar, with no reversal in the cycle. This would tend to discount the theory that within-screen temperature gradients, or stray radiation entering the screen, are the causes of the observed diurnal cycle. Comparison of Figures 3 and 4 also reveals that the amplitude of the diurnal cycle is somewhat larger over the summer period, at around 0.05 or 0.06˚C for both sensors. The mean offset of each of the MMS sensors differs by approximately 0.03˚C, which may be due to calibration differences. Taking DB1 as an example, it can also be seen that the overall mean difference (SAMOS – MMS) was somewhat larger in this summer period than was previously observed in the winter period, with MMS extra sensor 1 reading on average 0.1˚C higher than the SAMOS sensor. 

Figure 5 shows the difference between SAMOS and MMS (DB1) temperature as a function of temperature. A broadly linear trend is present with the negative difference increasing as temperature increases. The difference between the summer and winter period overall mean differences can probably be explained by this trend; (SAMOS – MMS) differences from both periods, when expressed as a function of temperature, lie approximately along the same line Furthermore, the overall mean temperatures and corresponding mean differences for the whole of the summer and winter datasets, as plotted on Figure 5, also lie closely along the same line. This effect could also explain some of the observed diurnal cycle. However, since the maxima and minima in this cycle do not correspond to the expected times of maximum and minimum temperatures in the typical diurnal temperature cycle, it clearly does not fully explain the observed diurnal cycle in the differences. 
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Figure 3: Hourly mean values of (SAMOS – MMS DB1) for the period 16 January to 12 February 2009.
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Figure 4: Hourly mean values of (SAMOS – MMS DB1) and (SAMOS – MMS DB2) for the period 29 May to 1 July 2009.
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Figure 5: (SAMOS – MMS DB1) differences as a function of temperature, for winter and summer periods.

ii) Fixed resistor test

Another possible explanation for the early morning part of the observed diurnal cycle in (SAMOS – MMS) temperature difference is the warming of the MMS logger or SAMOS temperature ISU by low angle solar radiation. These items are mounted on the frame below the screen, facing west and east respectively. The process of obtaining the temperature requires the measurement of the PRT resistance with respect to an internal reference resistor. Ideally this would be unaffected by the ambient conditions. However, the stability of the reference resistor is actually affected by changes in ambient temperature which reduce the ability of either system to accurately determine temperature. It is worth noting that both the MMS logger and the SAMOS ISU systems would be expected to have been designed to minimise this effect. However, differential heating of the two observing systems could have a small effect. 
To investigate this, a 100( precision resistor was connected to the MMS logger in place of a PRT. To the logger, this constant resistance equates to a constant temperature of approximately 0 °C. The PRT replacement resistor has a very low temperature coefficient of resistance: at worst (1 ppm/°C which leads to a temperature error of (0.00025 °C/°C. The MMS logger internal reference resistor has a slightly lower temperature stability of 2 ppm/°C which leads to a temperature error of (0.0005 °C/°C. Any change in the logger output temperature is more likely to be attributable to the effect of ambient temperature on the MMS logger internal reference resistor rather than the PRT replacement resistor.

Figure 6 shows a plot of logger output temperature and ambient temperature for the period 22 – 30 September 2009. Data has been averaged over each hour of the day. There is a 0.0018 ˚C diurnal variation in the output temperature for an ambient temperature diurnal variation of 2 °C (at 15 °C). This corresponds to a variation of 0.0009 °C/°C. The changes observed are entirely within the range that would be expected given the temperature stability of the internal and PRT replacement resistors. Also note that this could account for a change of only 0.027 ˚C over the whole 30 ˚C range of ambient temperature as shown in Figure 5. This may be compared with the observed ~0.15 ˚C change in difference over this range.

In conclusion, this test confirms that changes in ambient temperature have a negligible effect on the ability of the MMS logger to accurately determine temperature from a PRT. The observed diurnal cycle in (SAMOS – MMS) temperature difference cannot therefore be attributed to solar-radiation-induced heating of the MMS logger. 

Unfortunately at this stage it is not possible to determine the performance of the Camborne SAMOS. It was not possible to perform the same test on the Camborne SAMOS due to its operational status. This test will be carried out at a later date when the Camborne system is decommissioned.
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Figure 6: Mean hourly fixed resistor output and mean dry-bulb temperature over the period 22 – 30 September 2009.

iii) Tiny-tag comparison
In order to provide a further, independent measure of temperature, a ‘Tiny-tag’ sensor was fitted in the SAMOS screen. The Tiny-tag is a compact, battery-powered instrument which incorporates a PRT and a small logger, the whole unit being easily small enough to fit unobtrusively in the screen. Therefore, the measurements made with the Tiny-tag should not, in theory, be subject to the effects of external solar radiation which have been hypothesised as being the cause of the observed (SAMOS-MMS) diurnal temperature cycle. The extra measurements can also be used to further investigate the apparent linear trend in the (SAMOS-MMS) temperature difference with increasing temperature. The Tiny-tag sensor was calibrated in the Met Office Quality Assurance lab in March 2009. The temperatures analysed have been corrected using a polynomial correction curve obtained from the calibration results. The measurements should therefore be accurate to within approximately ±0.05 °C. Figure 7 shows (MMS-tinytag) and (SAMOS-tinytag) as a function of temperature derived from simultaneous measurements made by all three systems over the period 22 September to 15 October 2009. It can be seen that the offset is larger in the case of (MMS-tinytag) differences. However, the gradient is larger in the case of (SAMOS-tinytag), suggesting that much of the observed linear trend in (SAMOS-MMS) temperature differences is due to a temperature coefficient in the SAMOS measurements. 
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Figure 7: (MMS – tinytag) and (SAMOS – tinytag) differences as a function of temperature, over the period 22 September – 15 October 2009.
Figure 8 shows the mean diurnal cycle of the temperature difference between Tiny-tag and each of SAMOS and MMS, and also the difference (SAMOS – MMS) over the same period. It can be seen that the diurnal cycle of differences between the Tiny-tag measurements and both of SAMOS and MMS measurements is essentially the same shape, though with a different mean offset. The shape of this cycle is similar to that found previously when looking at (SAMOS – MMS) differences (e.g. see Figures 3 and 4) with a sharp local minimum around sunrise and a broader maximum in the afternoon and early-evening hours. The (SAMOS – MMS) cycle appears, at least in this period, to result from a small residual in the differences between (SAMOS – tinytag) and (MMS – tinytag), and consequently the magnitude of the cycle is less than that of differences between Tiny-tag and each of SAMOS and MMS. This suggests that both MMS and SAMOS systems are behaving in a similar manner in this respect, though the magnitude of the diurnal variation seems to be a little smaller in the case of MMS (0.059 ºC compared to 0.074 ºC). It can therefore be concluded that MMS probably performs a little better than SAMOS in this respect; most importantly, MMS does not represent any degradation of performance compared to SAMOS. Furthermore, the magnitude of the diurnal cycle of differences between all systems is less than 0.1ºC, which is within user-required accuracy limits, and may therefore be considered negligible. 
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Figure 8: Diurnal cycles of temperature differences between Tiny-tag, SAMOS and MMS systems at Camborne, over the period 22 September – 15 October 2009.

Summary

The analysis conducted reveals that, on the whole, agreement between temperature measurements of SAMOS and MMS systems is excellent. Differences arising from sources such as solar radiation effects appear to be of negligible magnitude and are comfortably within user required accuracy limits. The only outstanding concern is the apparent linear trend in (SAMOS – MMS) temperature difference with temperature. Extrapolating the obtained trend out, to the highest observed temperatures in the UK, results in potentially significant differences. For example, at 35 ºC the difference would be expected to be around -0.2 ºC. Such a difference might potentially change the frequency at which record maximum temperatures are observed. It should be noted however, that a difference of -0.2 ºC is still well within the Climate monitoring user requirement for maximum temperatures. 
Because of the relatively small temperature range and comparatively small size of the dataset analysed here, further investigation into this issue is recommended. Testing between batches of components of each AWS system would also be desirable in order to investigate the generality of the result. 
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