WHOTS-6 Meteorological Comparisons
(Authors for cruise report title page: Bahr, Bariteau, Bradley, Pezoa, Rapp, Stanitski, others??)

The Kilo Moana was heavily equipped with meteorological instrumentation for three separate, but inter-related purposes:
1. The regular ship/buoy intercomparisons which are carried out at the time of WHOI buoy turnaround;

2. Validation of the ship’s suite of meteorological instruments against independent sets of instruments;

3. Continuing investigation, and hopefully resolution, of past inconsistencies in calibration and performance of short-wave pyranometers.
This report describes the set-up on the ship, the procedures adopted, and some preliminary, and necessarily incomplete, results from analyses during the cruise and deployment. Detailed results from each of these three projects will be reported in due course, after retrieval of some internally recorded data and further analysis.

Ship’s instruments
The Kilo Moana’s meteorological instruments are located on a tower extending some 6-7 metres above the wheelhouse roof, at a height of 20.7 metres above the waterline. They consist of two anemometer/wind vanes, a Rotronics air temperature/humidity unit (T/RH), a separate air temperature sensor (Resistive Temperature Device; RTD), one each of siphon and optical raingauges, and a pair of Eppley longwave (PIR) and shortwave (PSP) radiometers.

The platform on which the radiometers are mounted has been raised by about half a metre since the previous WHOTS cruises to reduce shadowing from other instruments. It is also on the starboard side of the tower, which has the better exposure with the ship headed east into the trade winds. Both temperature instruments are mounted in fan ventilated shields. However, it was found that neither fan was actually working.
Signals from these sensors are recorded on a logger situated on the tower, converted into physical units (with the exception of the radiometers) and made available continuously on the ship’s network with files closed daily (GMT).
Other instruments required for the intercomparison project are the barometer, which is located 4.8 metres above waterline in a laboratory near the after deck, and the ship’s thermosalinograph. This takes water in through an inlet port 8m deep on the starboard hull, and pumps it across to the measuring instrument in the port hull. Two temperatures are provided.
WHOI AutoIMET

AutoIMET is a portable self-contained package of meteorological instruments and loggers designed by WHOI. Two such packages are installed on each reference buoy.  On this cruise a package of freshly calibrated sensors was installed alongside the ship’s instruments on the tower. They comprised a PIR and PSP pair of radiometers, a T/RH unit in a “beehive” naturally ventilated shield, a barometer and a siphon raingauge. Because the tower was becoming crowded with wind sensors (2 ship propeller/vane units and one PSD sonic) the AutoIMet wind sensor was mounted on the rail above the wheelhouse at 17m above the waterline. The front of the ship presents a massive obstruction to the wind, and it was hoped that this move would provide more information on the wind distortion in speed and direction.
The AutoIMET records data internally at one sample per second, which is available after the system has been returned to WHOI. However, 2-second data was transmitted to a computer connected to the ship’s network, and daily files were accessible to users for real-time monitoring,
PSD system
The PSD system is the “portable standard” funded by NOAA/OceanObs as part of the SAMOS initiative, in which the regular meteorological equipment on research vessels is to be maintained at a performance level such that bulk air-sea fluxes of momentum, heat and moisture may be obtained for use in climate research. The portable standard was developed to monitor the performance of any ship’s system. It is a self-contained package comprising high-quality sensors for all the meteorological variables, including a fast response sonic anemometer and humidiometer for direct measurement of the fluxes. The sensors are mounted on a 10m lattice tower, and the supporting equipment is in a custom-designed container.
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Figure A  PSD instrument tower, partly obscured by the port bridge wing, which holds some of the radiometers deployed for the comparison project
For the WHOTS-6 cruise the tower was mounted forward on the port hull, and the container was further aft on the 01 deck with wireless connection between them. Figure A is a view of the tower from the location of the container. The sonic was at a height of about 16.5m above the waterline, and the Vaisala T/RH sensor in a ventilated shield at about 14m. SST was measured with a ”Seasnake” hung over the gunwale and floating at a depth of between 5 and 10 cm, between the hulls. The PSD radiometers were mounted on the port bridge wing to enable their inclusion in the radiometer comparison (project #3 above). 
Radiometers
Instruments for the radiometer comparison were deployed in four locations; the PSP/PIR pairs associated with the ship and AutoMET systems were on the main tower as described above; each buoy had two PSP/PIR pairs which were included in the respective ship/buoy intercomparisons; and Figure A shows several more mounted on the port bridge wing. A close-up of this group is shown in Figure B.
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Figure B. Radiometers on the port bridge wing.
Two pairs of PSP/PIR mounted on the wooden board are part of the PSD system. The separate group of 3 consist of a pair of WHOI standard module PSP and PIR, and a Kipp and Zonen CMP22 shortwave radiometer (with the heat shield). The lone instrument is a Delta SPN1 combined direct/diffuse radiometer (described in the Stratus 8 cruise report UOP TR 2008-01). The lean on the SPN1 pole is so that the actual instrument is level. These radiometers are at a height of about 14.4m above the waterline.

Intercomparisons
Having deployed WHOTS-6 and surveyed the anchor position, the ship maintained position about 0.15 nm downwind of this mooring, beginning the intercomparison at about 0500 GMT on 11-July (Day 192) until 1000 GMT on 13-July (Day 194). At this time, the ship moved to a similar position downwind of WHOTS-5 for two days of intercomparison before recovering it. The intercomparison period began at about 1145 GMT on 13-July (Day 194) and ended at 1500 GMT on 15-July (Day 196). Throughout the four intercomparison days, the wind was a steady easterly at 7-9 ms-1 with scattered cloud. Both buoys were blown westward about 3.3km from their anchor location.
A detailed, quantative analysis of the results of the meteorological comparisons between the ship, AutoIMET, PSD and the two buoys will be reported separately, with particular emphasis on the shortwave radiometer question. Here we only describe some noteworthy features of instrument performance which were obvious from preliminary graphs of time series. We include one or two examples of these time series to indicate some characteristics of the data available at this stage. In what follows, Buoy 6_7 and Buoy 6_19 refer to the loggers 7 and 19 on WHOTS-6, and similarly for Buoy 5_9 and 5_10 on WHOTS-5.
Air Temperatures
Figure C shows temperature records on Day 194 from all the sensors. This was the day when the ship moved from the WHOTS-6 location to WHOTS-5. So the left side of the graph (to about Day 194.4 GMT) shows comparisons with the freshly deployed buoy, and the right-hand side comparisons with the “old” buoy. The shortwave radiation trace is included to indicate local daytime. Both days were almost completely clear, a situation which will greatly benefit our SW radiometer study. Even these preliminary records reveal a number of important features.
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Figure C. Air temperatures from 2 ship sensors (red and green), AutoIMet (blue), and PSD (brown). Pale blue is the IMET adjusted down to 3.2m, and hourly averaged (pale blue dots) for comparison with the buoy sensors (1 and 2). WHOTS-6 is on the left of Day 194.4, and WHOTS-5 on the right
The ship and AutoIMET meteorological sensors were at roughly the same level (~20m above the waterline) so may be compared without height adjustment. In the two previous years the ship’s temperature sensors were found to read between 0.5ºC and 1.5ºC low compared with other instruments (Bahr, 2007; Bradley and Fullington, 2008). This was found to be still the case this year. The RTD was systematically about 0.8ºC lower than IMET, and the temperature from the Rotronic T/RH unit tracked about 1.3ºC lower. Between 194.8 and 194.9 the RTD was being examined and the ventilator fan found to be not working. However, such a large discrepancy is unlikely to be associated with the failure of the ventilator fans, and it’s being investigated by the ship’s Technical Group. Significantly, the Rotronic RH measurement was within 2% of the other instruments, which seems to rule out a problem with the ship’s logger.

The PSD T/RH unit was in an aspirated shield at a height of about 14m above the waterline. A strict comparison between IMET and PSD would require one or the other to be height adjusted, but at this elevation the adjustment is too small to show up on the graph. The two temperatures agree well at night, but IMET reaches about 0.2ºC higher in day inside its naturally ventilated shield.  Despite strong solar radiation, the 8 ms-1 wind limited heating. Spikes in the IMET record are spurious and likely associated with the improvised 2-min data monitoring software. They are unlikely to exist in the 1-minute recorded data.
Agreement between height-adjusted IMET and both sensors on WHOTS-5 is excellent, particularly after a year of unattended operation. We were aware at the dock of the anomalously high reading of one WHOTS-6 sensor (~0.6ºC), but despite extensive investigation, the cause could not be found.
Relative Humidity (RH)
The RH time traces from IMET, PSD, and the ship follow one another closely within an envelope about 3% wide. Generally IMET is on the high edge of the envelope and the ship the lower edge with PSD in between. For these sensors, this must be regarded as very satisfactory agreement. Adjustment of IMET down to 3.2m height increases RH by about 6%. The hourly values of all four buoy sensors are generally between 2% and 5% below the IMET hourly average
Wind speed and Direction
Wind speed and direction are the two most variable quantities of those we need to measure, both in time-scale and magnitude. Even in the fairly steady trade wind, gusts and lulls can change speed by a factor of two and direction by 30 degrees in a matter of seconds. Only the most general information can be gleaned from a graphical wind record, especially when anemometers are subject to flow distortion (as on board ship). With this qualification, it can be said that the two ship propeller anemometers at a height of about 22m agreed well with one another and with the PSD sonic located beside them. The PSD sonic at the top of the lattice tower (about 18m above the water) read slightly less, and as expected the IMET propeller just above the bridge roof read about 0.5 ms-1 lower again.
From a speed around 7.5 ms-1 at 22m height, the ship wind speeds adjusted down to about 6.5 ms-1 at the height of the buoy propellers. One of the WHOTS-5 anemometers had failed.  The other three measured slightly higher than the hourly-averaged height-adjusted values from the ship. 
Sea Temperature
In last year’s report (Bradley and Fullington, 2008) the physical arrangement of the thermosalinograph system was explained.  Referring to Figure D, sea water is sucked in at 7m depth on the starboard hull, its temperature measured by a highly accurate sensor after the pump (red trace). It’s piped across the air-conditioned ship to the 
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Figure D. Sea temperature sensors. The period when the ship was steaming at 8 knots from WHOTS-6 to WHOTS-5 is clear in the Seasnake record, which probably spent some time airborne.
thermosalinograph in the port hull, cooling as it goes (pale blue). At the end of the cruise a correction based on the cruise records of surface CTD is provided, courtesy of 

Fernando Santiago or Paul Lethaby. Last year the correction was -0.296ºC, and this year it was -0.25ºC (dark blue) probably due to a change of sensor. The sea temperature sensors on both  buoys agree very closely with this, but there is some uncertainty about their effective depth. The PSD Seasnake (brown trace) appears to be unreasonably high in conditions when the surface water should be well mixed. Being close to the surface it does show evidence of diurnal warming. Thinking that the water between the hulls might be slightly warmed by the ship, the Seasnake was moved outboard of the port hull, but this made no difference.
Radiation (Longwave and Shortwave)
At the time of TOGA-COARE (1992) even the principle of operation of the longwave radiometer (the pyrgeometer) was not well understood. Disagreements between individual instruments ranged from 12 Wm-2 during the night to 50 Wm-2 during the day. Since that time, the pyrgeometer has been subjected to intensive study, and our methodology of calibration and use has improved to the point where Combo and Weller (2009) estimate the fundamental uncertainty of the instrument to be about 4 Wm-2 for daily averages. During Stratus 8, three pyrgeometers showed instantaneous differences of less than 5 Wm-2 during the day and 3 Wm-2 at night. For the present cruise, eyeballing the comparisons between the Ship, PSD, IMET, WHOTS-5 and WHOTS-6 pyrgeometer traces, they are all clearly within an envelope of 5 Wm-2. 
Our problem now is with the shortwave radiometer performance. A 5% error at the diurnal solar peak in the sub-tropics can represent a 60 Wm-2 discrepancy in the net energy budget. The collection of recently calibrated pyranometers on this cruise, from two manufacturers and different calibration facilities, is designed to improve our methodology with shortwaye measurement in the same way that we have with longwave. This will be the subject of a separate report, but Figures E and F are an indication that we are making progress.
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Figure E. Hourly average values of solar radiation (Wm-2) from PSPs on the Ship (red circle), IMET (blue circle), buoy pair (triangle and square). At Day 194.4 the ship moved from beside WHOTS-6 to beside WHOTS-5
The last day of the intercomparison with WHOTS-6 and the first with WHOTS-5 were both almost completely clear. Without cloud the hourly averages dictated by the buoy data are easier to interpret. The result appears to support our hypothesis that instruments deployed before 2009 underestimated solar radiation by about 5%, for reasons yet to be determined.
Figure F is an expanded view through noon of the clearest day during the cruise. The Ship (red) and IMET (green) instruments are Eppley PSPs recently calibrated at Eppley and WHOI respectively. The PSD (blue) trace is the average of two instruments, an Eppley PSP and a Kipp and Zonen CMP22; the calibration history of these two instruments is not known at this stage, but is believed to involve a third calibration facility at the NOAA lab. in Boulder. The close agreement signifies that we are making good progress toward the resolution of uncertainties in shortwave measurement.
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Figure F.  Comparison of shortwave radiometers on the R/V Kilo Moana
