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Pressure sensors and their problems

Slocum gliders manufactured by Teledyne Webb Research are usually equipped with two independent pressure sensors. One of them is used for the autonomous navigation of the glider and is part of the glider itself. While the second pressure sensor is usually installed as part of the CTD system. Standard for Slocum gliders are CTD packages manufactured by SeaBird. Data from these two pressure sensors have different peculiarities. The problems are somewhat convolved and not always easy to separate. In the following we describe the problems and try to give some ways to mitigate them. 

Internally in the Slocum glider the measured values of the navigational pressure sensor are stored in the variable m_pressure. Please note that in the following we use the term 'variable' where Teledyne Webb Research uses the term 'sensor'. The CTD's pressure data is stored in the variable sci_water_pressure . Data from CTDs other than Seabird's 41 Slocum CTD might be stored under other variable names. We do however expect that the same processing steps apply to such other sensors.

The navigational pressure sensor is measured once per internal glider cycle. This cycle has under normal circumstances a length of 4 seconds. New firmware versions however allow Slocum gliders to slow down the internal cycle. Such a slow-down then leads to a reduced navigational pressure sensor sample rate. Apart from very special cases this sensor will always be on, i.e. a new measurement value will be available every 4 seconds. We assume that the actual pressure measurement was performed close in time to the timestamp recorded with each internal 4-second cycle.

The CTD's pressure sensor is measured at a sample rate determined by the glider operator. The glider operator also determines when the CTD is turned on at all. This can be during any combination of diving (the time when the gliders goes down), climbing (the time when the glider goes up), hovering (a dedicated time when the glider drifts at depth), and time at the surface. Surface in this case means a state of the glider when the glider is near the surface and executes surface-relevant procedures. The surface state can be active at depth as deep as 7 m. Unless recorded as CTD timestamp, the actual time of the measurement is not well determined. The only time references available in these cases are the cycle time stamps of the science and main computers.
Internally Slocum deployments are organized into segments. Typically a segment is the time between contacts with the home base to transmit data and obtain new instructions. The glider operator has the possibility to have multiple dive/climb pairs in a segment. To ensure that the glider's autonomous underwater navigation is not influenced by long term pressure sensor drift, the navigational pressure sensor's calibration offset is reset in such a way that the reading at the start of the segment is 0 bar. The CTD's pressure sensor is not corrected in a similar way, it always uses the manufacturer's CTD-internal calibration. The surface offset of the CTD pressure is typically quite small with values deviation less than 0.1 bar from 0 bar. Nevertheless the offset is usually persistent and easy to correct. In some badly calibrated CTDs the offset can be higher (see Figure 1 for an example with a large jump).

During basically all deployments Slocum glider operators have found that data from the navigational pressure sensor appears less trustworthy than data from the CTD’s sensor. It is usually more noisy and does not scale exactly linearly with the CTD pressure sensor. According to Teledyne Webb Research the main cause for this is the lack of a temperature compensation for the navigational pressure sensor. When the glider passes through waters of different temperature this can lead to deviations of up to several dbar. Teledyne Webb Research has originally asked the manufacturer of the navigational pressure sensors to receive only sensors that pass a certain quality level. Over the past years it has become clear that this quality level was not always satisfactory for glider operations. In 2012 Teledyne Webb Research has raised the quality level of the navigational pressure sensors and any new pressure sensors should perform better (pers. comm. Chris DeCollibus, Teledyne Webb Research). 

The lesser quality of the navigational pressure sensor becomes visible in many Slocum glider deployments where operators have found significant differences between the values reported by the two sensors at maximum dive depth (see Figure 2). Often they disagree by 2 to 3% equivalent to 20 to 30 m full deep dive depth of a 1000 m glider. Since the CTD's pressure sensor appears to be of better quality than the navigational one, the dive depths deduced from the CTD pressure sensor appear more reliable. 

Unfortunately the intakes of the pressure sensors differ for the navigational and CTD pressure sensors. The navigational pressure sensor intake is threaded so that a known external pressure can be attached and the sensor can be calibrated in-lab (GEOMAR has done so on one occasion). The intake of the CTD pressure sensor is not threaded and thus no known external pressure can be a applied for testing or calibration purposes. 

An additional problem of the CTD's pressure data originates in the possibility to store this pressure data without storing a timestamp when the measurement was taken (this has been fixed starting with software version 7.10). Comparison with the navigational pressure data has indicated that the CTD data can be written to the data files with as much as 1 minute delay. In case there was no CTD timestamp recorded the timestamp of the science computer when it wrote the CTD data to the flash card is the only available one. Because of possible delays in writing merging of with e.g. the pitch data, that was written with a proper timestamp, can be problematic. It appears that these delays are large only at the beginning of segments.
Slocum gliders allow the transmission of reduced data sets to save energy and transmission costs. Reduced transmission of pressure data (and their timestamps) will have significant effects on the quality of the real-time data available at land.

A problem that apparently occurs in not all Slocum gliders is a jump in pressure data at a depth of about 0.5 bar (see Figure 1). This jump is to higher pressures when diving and usually has a reverse counterpart during the ascent. This jump coincides with changes in m_argos_on (a variable that indicates that the Argos transmitter is on) and thus could indicate that it is caused by electronic interference. As the Argos transmitter is sending only every 90 seconds it is rather unlikely that the Argos transmission itself is the problem. The problem is more likely related to some internal state change in the glider, one part of which state of the Argos transmitter is. This jump is quite regular. In afflicted gliders it appears thus advisable to try to correct this problem as afterwards the correlation between navigational and CTD pressure sensors is much improved.

In some gliders a similar looking jump problem has been found in the CTD pressure data (see Figure 4). The cause for CTD pressure jumps is possibly related to the cycle times of the science computer on board of the glider (pers. Comm. Lucas Merckelbach). Modifying the cycle time of the science computer might solve this. As this does not really appear to be a simple jump, it is unclear how it can be corrected. From an analysis of GEOMAR's glider deployments this seems to afflict mostly deployments with Slocum software versions before 7.4. Newer software versions do not seem to be afflicted.
The points described in the above paragraphs show that each of the two pressure sensors has its own particular problems:

1. Navigational pressure sensor is not temperature compensated.

2. Navigational pressure sensor appears to be less well calibrated.

3. CTD pressure sensor is not surface offset corrected.

4. Navigational pressure data often shows jumps near 0.5 bar.

5. CTD pressure data sometimes shows jumps in old glider firmware versions (<7.4 ?).
6. CTD pressure data without timestamp can be recorded up to 1 min late in old glider firmware versions (<7.4 ?).
Since the advantages and disadvantages of the two pressure sensors are somewhat complementary it appears to be possible to correct some of the disadvantages. In particular the non-zero offset of the science pressure sensor and the slope of the navigational pressure sensor can be corrected. In case of very regular jumps in the navigational pressure data, it appears possible to reduce these to a good degree:

Problem 1:

This can not be corrected as no internal temperature that could be assumed to the temperature of the navigational pressure sensor, is recorded in Slocum gliders.

Problem 2:

This can be corrected under the assumption that the CTD pressure sensor has a better calibration. See Figure 2.

Problem 3:

This can be corrected. Having recorded the CTD timestamps is recommended, but might not be necessary. See Figure 3.

Problem 4:

For the jump correction one needs to inspect all beginnings of Slocum data segments for jumps of about 0.3 bar at about 0.5 bar pressure. These jumps occur from one cycle to the next as if the glider went deeper by about 3 m within 4 seconds. The jumps are thus significantly larger than the regular vertical speed of the glider and can reliably be detected. Once it has been established that the navigational pressure data is afflicted by jumps, the average jump height is determined from all recognized jumps and corrected from the data. This correction simply subtracts the jump height from all navigational pressure data after the jump. At the end of the segment (or possibly also at any time the glider passes 0.5 bar) the reverse jump correction needs to be applied. See Figure 1 for an example.

Problem 5:

It does not seem to be correctable after the deployment.
Problem 6:

It does not seem to be correctable after the deployment.

Problem solutions before or during the deployment
To ensure that trustworthy pressure time series can be obtained and used we suggest the following procedures during the glider operation as this will alleviate some of the above problems:

· Always collect the full set of timestamps in the glider for all available sensors.
In particular you need the timestamp of the CTD observations.
In your mission  XXXXX.mi  file (or even better in  autoexec.mi ) add:
sensor: c_ctd41cp_num_fields_to_send(nodim) 4
sensor: c_flntu_num_fields_to_send(nodim) 8 
sensor: c_oxy3835_wphase_num_fields_to_send(nodim) 11
· Use the full sampling rate possible by the sensors.
In your  sampleXX.ma  file(s) use:
b_arg: intersample_time(s)               0  
· Transmit a fair amount of navigational pressure information. This will come at higher Iridium expenses, but will ensure high quality pressure data in real-time.  
In your  sbdlist.dat  file use:
M_PRESSURE      10
· Transmit both science pressure data and its timestamp. Use the same time interval for sci_water_pressure  and  sci_ctd41cp_timestamp . The interval is 
In your  tbdlist.dat  file use:
SCI_WATER_PRESSURE     60
SCI_CTD41CP_TIMESTAMP  60
Problem corrections after the deployment
To correct the some of the above problems, the following approach seems to be reasonable.

1. Correct the surface CTD pressure offset by identifying all times when the glider is clearly at the surface, average these CTD pressure values, and subtract this average offset.

2. Look for jumps at 0.5 bar in the navigational pressure series. If they exist, identify the times of the jumps, average the height of the jump, and correct for the jump.

3. Determine a single scaling factor for the navigational pressure series so that it agrees best with the CTD pressure series.
Problem corrections for real-time data

Correcting the problems described above in real-time data appears to be more difficult. The main reason is that real-time data is usually available only at a much reduced sample rate. The determination in particular of the navigational pressure jumps is thus tricky. Nevertheless it appears possible to apply a similar set of corrections as for the full data, albeit under some additional assumptions.

1. One should still be able to correct the surface CTD pressure offset by identifying all times when the glider is clearly at the surface, average these CTD pressure values, and subtract this average offset.

2. Assuming that one knows from a previous deployment that the navigational pressure sensors suffers from jumps one could apply jump characteristics from the previous deployment  and apply jump corrections.
3. One should be able to determine a scaling factors for the navigational pressure series so that it agrees best with the CTD pressure series. For real-time data it is likely best to not use a single scaling factor per deployment but scaling factors valid for single segments.
Figures
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Figure 1:
Navigational and CTD pressure series showing a CTD pressure sensor with a non-zero pressure offset of about 0.5 bar. Since this offset is relatively simple to determine it can also easily be corrected.
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Figure 2:
Navigational and CTD pressure series of a full dive. While the pressure values agree near the surface they differ by a few percent at depth. The difference is reasonably well described by a simple factor between the values. Assuming that the CTD pressure sensor and data is of higher quality a constant factor should be used to correct the navigational pressure data.
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Figure 3:
Navigational and pressure series at the beginning and the end of a segment showing jumps of about 0.3 bar in the navigational pressure data.

[image: image5.jpg]pressure [bar]

|fm11depln1

50 1

45 -1

40

35

30

25

20 1

15

10 -

Nav Pressure

CTD Pressure

T
1000

T
1500

T
2000
time [sec]

T
2500

T
3000

T
3500

T
4000

T
4500




[image: image6.jpg]33

32

317

pressure [bar]

29

28 7

27

Nav Pressure
CTD Pressure

T T T i T T T
2200 2300 2400 2500 2600 2700 2800
time [sec]





Figure 4:

Navigational and CTD pressure series (lower graph is zoomed) showing distinct jumps in CTD pressure series. 

