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1 INTRODUCTION 

There is much information available on the shipboard ADCP, manufactured by RD 

Instruments, as fitted to NERC research vessels. Manufacturer's technical manuals, their 'practical 

primer' (RDI 1989), their technical bulletins, articles in journals, a (dated) lOSDL internal document 

(New 1987) and a recent chapter in the WOCE operations and methods manual (Firing 1991), 

included as Annex F, contain a wealth of detail on the system. Indeed, this may, oddly enough, 

contribute to a perception of a lack of information in that comments of 'too technical', 'too 

simplistic', 'outdated', 'I didn't know that existed' may be heard concerning the material available. 

A rather different situation exists as regards guides to the software run on the RVS shipboard 

computer system to handle the ADCP data. Many individuals contributed to the present level of 

software support especially Brian King and Steven Alderson. Individual programs in the pexec suite 

are well documented and on-line manual pages exist for the early shell script command files 

('execs'). The documentation for the software is supported by details in lOSDL ADCP data reports, 

for example Griffiths et al (1992), Hartman (1992), King and AUison (1991). 

Information on the calibration procedure can be found in PoUard and Read (1989) and 

many individuals hold notes as to their implementation of the calibration method. 

Why then this handbook, when so much information is available? Its purpose is to direct 

the reader to the primary sources, to document the systems in use on RES Charles Darwin and 

Discovery, with their peculiarities, to set guidelines as to lOSDL's practice and to form the basis from 

which others may improve the system or the software. 

2 THE ADCP SYSTEM 

A complete ADCP system includes the transducer unit, the cable, a deck electronics box, 

the data acquisition system (IBM-PC), the shipboard computer system and navigation inputs for 

heading the position. 

2.1 Profiler 

As of May 1992 RVS research vessels are fitted with RDI AD CPs operating at 150 KHz, 

maintained and managed by RVS (primary contact: BiU Miller), RVS is responsible for keeping the 

profiler firmware (low level software) up-to-date, for implementing field upgrades to hardware, and 

acts as a channel for communication with RDI and RDI (UK), RVS keep modification and calibration 

information for each profiler and it is wise to approach them well in advance of major cruises to 

check the status of the ADCP. Changes to the firmware may weU result in subtle changes to the 



performance of the profiler and it is advised that a note is made of t he firmware version number 

used during a cruise [vers 17.07 from July 1990 to the present]. The synchro output from the ship's 

gyrocompass is directly connected to the profiler electronics for heading correction. 

2.2 Data Acquisition System 

The RDI profiler can be controlled by low level commands issued by a simple terminal, 

however, common practice is to use the RDI Data Acquisition System (DAS) as a controller. This 

(imperfect) software runs on an IBM PC-AT, controls the profiler, presents a menu system to the user, 

displays profiles, stores data onto the PC disk, rotates ship to earth coordinates and sends serial data 

to the level C of the shipboard computer system. Presently version 2.48 is used. 

The DAS is well described in the RDI manual, and, with practice, the menu system is 

straightforward. There are many pitfalls however, and any configuration used on a cruise should be 

saved onto a floppy disk (*.CNF file in the working directory), and shoiild either be listed in a data 

report, or differences from previous usages should be noted. It should be noted that the IBM-PC 

clock is a poor timekeeper and the procedures in section 7.2 must be u sed to obtain accurate time 

information. 

On the RRS Charles Darwin, the DAS is in the plot, an uncomfortable laboratory in heavy 

weather. Given prior notice, RVS can install a video link to the main laboratory. If any trouble is 

experienced with the serial link to the level C, then the serial devices menu should b e checked 

carefully, and the RVS computer person consulted. 

2.3 Transducer installation 

On the NERC ships the transducers are installed in a 'top hat' b o x arrangement, such that 

the transducer faces are slightly inboard of the line of the vessel's hull. Any work on the 

transducers involves diving and is the responsibility of RVS. Air, from bubbles generated by the 

ship's bow wave, can enter the 'top hat' and can cause loss of profiling range. Each installation has 

an arrangement for bleeding this air, and the RVS mechanical engineer on board should b e asked 

to do so on a regular basis in heavy weather. 

3 NAVIGATION 

All the RVS ADCP installations use synchro gyro outputs for heading information to the 

ADCP profiler and GPS is used as the primary position fixing method. Heading errors and position 
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errors form the major sources of errors for absolute ADCP velocities under normal conditions. Great 

care must therefore be taken in making sure that avoidable errors are eliminated. 

3.1 Heading 

Reliable heading data, with a short term accuracy of 0.1-0.2°, is obtained on RVS ships from 

a 1:1 synchro output from the master gyro compass. The signals are fed to the RDI profiler 

electronics unit, and the DAS converts from ship relative to earth coordinates. 

Heading accuracy is important because, whilst underway, a component of the ship's forward 

velocity (V) given by V.sin <|) can appear in the cross-track direction, where (j) is the heading error. 

Stable mounting of the transducer is now found in RVS ships, the remaining source of heading drift 

is that due to the gyrocompass. During calibration, the heading error is calculated, and is then 

applied as a correction. However, gyrocompass drift is difficult to detect - star sights, obtained 

under good conditions, enable a check to be made, but are not reliable enough to correct the data. 

Figure 1. They do however indicate gyrocompass variations of about 1° rms. It is advisable to copy 

the list of gyro errors obtained using star sights from the navigator's log book as they help to identify 

any serious errors. 

Systems are becoming available from Trimble and Ashtech that use interferometric GPS 

techniques to obtain heading (and pitch and roll) to an accuracy of 0.1°, with a similar long term 

stability. Such a system will greatly improve the quality of ADCP data as regards the problems of 

heading drift. A system has been installed on RRS Discovery (July 1992), an outline is given in 

Annex E. 

3.2 Position fixes 

The preferred navigation system for use with the ADCP is GPS. Under ideal conditions, 

when the Selective Availability (SA) degradation is not in use, then position accuracies of 7 metres 

rms can be obtained (as on Vivaldi '91). With SA, the accuracy is defined to be within 100 metres 

for 95% of the time [ie >100 metres error for over 1 hour a day]. This has a serious implication for 

the accuracy of shipboard ADCP measurements. For position fixes and velocities averaged over 15 

minutes, the accuracy with SA in effect is about 7 cm/s rms. Averaging all ADCP profiles whilst on a 

typical CTD station will reduce the error with SA in effect down to 1 to 2 cm/s. 

One solution is differential GPS (DGPS) with satellite transmission of error data, but this is 

expensive, and limited to distances of less than 2000 km from shore-based reference stations. The 

other solution is to obtain access to the military (classified) p-code transmissions, and to upgrade the 
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GPS receiver to process the p-code data. The benefit is higher accuracy, some 5 metres, and world-

wide coverage. 

3.3 Integrating navigation with ADCP 

The RDl DAS can accept a serial data input from a navigation device, and by using an 'user 

exit' addition to the RDI DAS software the navigation information can b e processed directly with the 

ADCP data. However, it is our practice on RVS ships to acquire the two data streams independently, 

and to merge at a relatively late stage of processing. The details are given in section 7.4, here we 

note the important requirements of time synchronisation, and matching the time averaging of the 

ADCP and navigation data. The DAS clock drifts (up to 1 sec per hour not being uncommon) and so 

it must be corrected (section 7.2). The navigation data must be filtered to the same degree as the 

ADCP data. It is our general practice (section 7.4) to average ADCP data to 15 minutes early in the 

processing stage. Hence, when merging, the navigation data must also have been filtered to 15 

minutes. 

On a cruise the RVS computer person should be consulted as to the navigation data and 

what processing they carry out on the navigation as practice changes. 

4 ADCP SETUP 

Before leaving port on a cruise, it is wise to thoroughly check the PC and the profiler. If the 

user is not completely familiar with the system it would be worthwhile to read the RDI operations 

manual and to practice setting up the ADCP using the menus and Take Data' (a menu option). A 

connection to the profiler is not needed for this practice, the DAS software can run on any PC with 

colour graphics. The profiler hardware can be tested using the built-in test menu (DO), all the 

diagnostics and their interpretation are given in the RDI manual. The PC hard disk should be 

checked (chkdsk) and any unwanted prngdata files from previous cruises should be removed. The 

contents of the spares boxes should be checked, the spare PC tested, and all master copies of 

software on PC floppy disk should be present. Any shortages should be notified to RVS. As a guide 

a list of items that should be present is given in Annex C. The user is responsible for providing his 

own floppy disks [5 I/4" High Density, 1.2MByte] for data archive. A useful rule of thumb is to allow 

1 disk per day if sampling 64 bins every 2 minutes. 

The main principle is to setup the ADCP to a working configuration and then to leave it 

operating. Configuration changes should be minimal, and they should all be noted. Frequently a 

change is made from a 'shelf to a 'deep' configuration, usually from 50 x 4 metre bins to 64 x 8 

metre bins. Other permissible stoppages are to allow data to be copied from the PINGDATA.*** files 

on the hard disk onto floppy disks. All configuration files used on a cruise should also be stored 

onto floppy disk. 
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The menus should be set up using the RDI DAS manual as a reference, aided by the 

comments in New (1987), and in Firing (1991) - Annex F to this handbook. The following notes are 

personal preferences. 

Averaging time: 

Depth bins; 

Reference layer: 

Error velocity: 

Blank Beyond Transmit: 

Depth Offeet: 

Sound speed: 

Usually set to 120 seconds. 

In deep water usually set to 64, maximises "on station" data, and 

provides a noise floor measurement for bioacoustic use. 

Always selected, set to cells 6-20, and the on-screen plots are 

referenced to this layer. 

Screening value set to 100 cm/s. 

Set to 4 metres. 

To account for the depth of the transducer beneath the sea 

surface, nominally 5 metres for RRS Charles Darwin, advisable to 

check with a deck officer. 

After checking the RDI DAS temperature readout against a hull 

sensor, the option for the DAS to use SST for sound velocity 

correction should be used. A nominal salinity should be used, 

and kept within 1 psu of the true surface salinity. 

5 ADCP OPERATION 

Under normal circumstances ADCP operation is fully automatic and no user intervention is 

required. Periodic checking is however advised, especially for the following: 

Heading: Check the RDI display against the master gyrocompass. 

Temperature: Check the RDI display against the thermosalinograph or a hull sensor. 

Error Velocity: Check to see if the data points are evenly scattered about zero. 

Velocity: Check consistency over a few profiles. 

Amplitude: Check for abnormally high values at depth, indicating severe noise 

conditions - try bleeding air from the transducer space, or slow down, if 

ADCP data are important. 
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% Good: Check for low values near the surface indicating tracking/noise problems, 

Increase number of bins if 25% good not r eached by the bottom of the 

profiles. 

A total absence of data on the graphical display often occurs under severe weather 

conditions. No adjustments to the AD CP operating menu should be attempted unless the user is 

very familiar with the low-level direct commands. 

It is advisable to stop acquisition once per day to copy PINGDATA files from the hard disk to 

floppies, as a precaution against a catastrophic hard disk crash. 

6 CALIBRATION 

The shipboard AD CP is calibrated by performing a series of z ig zag manoeuvres over a 

period of stable GPS navigation. By comparing velocity data before a n d after turns, assuming the 

local currents are steady, then the two calibration unknowns can be found: the alignment angle of 

the AD CP transducer (cj)) and the amplitude correction (A). More details of the calibration can be 

found in Pollard and Read (1989). 

6.1 Navigation 

Prior to the calibration, it is useful to know the likely accuracy of the GPS navigation. As GPS 

is not yet an operational service, the US Department of Defense is free to alter the system behaviour. 

During 1991, the accuracy varied from 5-7 m rms to (some say) 1000 m. Knowledge of the likely 

GPS accuracy enables the zig zag lengths to be determined. Additionally, the zig zags should be 

timed to coincide with periods when 3 satellites are available (svc=3 or more). Further, it is of 

advantage to have a stable constellation. Therefore, if possible, choose a time when fewest satellites 

set and rise. A prediction of satellite availability is therefore useful, as is a printout of actual svc and 

pdop received during the days prior to the calibration exercise. An example of a prediction table 

covering a suitable period is shown in Annex B. Some modem GPS receivers provide a flag that 

shows when Selective Availability (SA) is active, if possible, this should b e logged. 

6.2 Designing the zig zag pattern 

Figure 2 shows a typical zig zag manoeuvre where the additional steaming time is 

minimised. Whenever possible, the calibration should be done at a s p e e d typical of that during the 

cruise (eg 8.5 kts when towing SeaSoar). This minimises possible errors due to any speed 

dependencies of the factors A and (|). Although the track in Figure 2 is time efficient, certain 

circumstances may make it a poor choice for calibration. It is well known that significant velocity 
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errors can occur when steaming into a heavy sea and/or high winds. Ideally, calibrations should 

not be done under such conditions. Even with lower sea states, it is advisable not to steam into the 

wind or sea. The calibration track should then be adjusted, for example by an initial 90° turn rather 

than the 45° in Figure 2. 

It is useful, though not essential, to be within bottom tracking range (-700 m for 150 kHz 

systems with firmware versions of 17,03 and later), 

Estimating GPS accuracy can be done at a fixed location by finding the rms position error. 

Position errors are affected by the degradation of Selective Availability for the commercial GPS code. 

Our measurements in mid 1990 gave an rms error of some 40 m, and in April 1991 the rms error 

was 7 m. The length of the zig zag legs to achieve a specified accuracy can be estimated as follows: 

let the ship speed be 4 ms"^ with an acceptable rms error of 0.04 ms"^. Therefore the track length 

between two position fixes must be 100 times the total rms position error. If a single fix error is 40 

m then for start and end fixes, the total position error is 40 * 1.414 = 57 m. The track length must 

therefore be 5700 m, covered in 1425 seconds at 4 ms"^, This can be done with tracks lasting 30 

minutes, allowing 6 minutes for each turn and to come steady on course and speed after the turn. 

With GPS position accuracy of 7 m rms, the same level of velocity accuracy could possibly be 

achieved with 10 minute zig zags - 6 minutes to alter course and 4 minutes of data. However, our 

experience has been with zig zags at a minimum interval of 20 minutes (6 + 14 minutes). 

6.3 Setting up the ADCP 

The clock on the ADCP must be synchronised with the RVS master clock and checked 

against the GPS clock. Note that the MS-DOS time command on the PC will not reset the time as 

used by the ADCP. To do this the system set up option on the DOS diagnostics disk must be used. 

Time synchronism is important for two reasons: firstly - to ensure that the ADCP and the GPS data 

cover the same time interval and secondly - to ensure that the bridge do not start to alter course 

whilst an ADCP ensemble is being acquired. 

The ADCP should be set up with a suitable configuration, with an ensemble time of 120 

seconds and the pinging should start exactly on an even minute, immediately after a clock reset, 

and no earlier than 30 minutes before the start of the calibration run. Prior to the run, the bridge 

should be told of the planned zig zag manoeuvres - an example instruction sheet is shown in Annex 

A. Typically, turns would be exactly on 0, 20 and 40 minutes past the hour, and the aim should be 

to be on the new course within 4 minutes. A minimum of 6 course alterations has proved necessary 

to produce a reliable calibration. 

As a guide to expected values of A and (j) the following table lists the values from 6 

calibrations done on the ADCP installed on RES Charles Darwin in 1990/1. Values significantly 
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outside this range for A may be suspect, and the calculations should b e carefully checked. The 

pointing angle may well shift a few degrees if the transducer unit is removed and reinstalled, 

Date 
m/y 

Amplitude 
Scaling factor (A) 

standard 
deviation (A) 

Pointing angle 
(<|i) in degrees 

standard 
deviation (<})) 

CD 51 7M990 1.0026 0.005 -&36 CU6 

CD 58 4^991 0.9956 &003 -&68 0.69 

CD 59 5^991 0^^^8 0 008 -1.2 0.55 

CD 62 Bottom tracking 8^991 1.005 &01 -&4 &36 

CD 62 Water tracking (V1991 1.005 a o i i 0.02 a 4 8 

CD 62a EV1991 L012 0,01 -&73 0.38 

Mean 1IW27 0.006 

The mean of the amplitude scaling factor over these 6 calibrations is 1.0027, with a 

standard deviation of 0.006. This is comparable to the standard deviation of the individual 

calibrations and from this it seems that there is no discemable drift in the value of A with time. 

The pointing angle correction is mainly dependant on gyrocompass drift, the typical drift during a 

cruise may be ±1°. 

6.4 Data processing 

The data processing will be described in terms of the pexec programs and shell scripts 

needed to perform the calibration. 

Create bottom and gridded data files for the calibration period using adpexecO. 

The adcp raw velocities being velew and veins. 

Merge the adp* gridded file with a GPS positions file i.e. run datapup manually -

note that the GPS data should be actual fixes, and not d e a d reckoned, smoothed, or 

interpolated, such as positions given in the bestgps file. Use pmerge on time for all 

adcp variables with all variables firom the GPS file. 

Use posspd to calculate velocities east and north of the ship over the ground from 

the successive positions. Overwrite the variables ve r r and wer t with the ship 

velocities, ve and vn. 
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4. List data cycles, with at least four records per profile, to eliminate the data at turns. 

Examine the heading and velocities to identify those records that were on a stable 

heading and speed. Use pcopya to copy those records for aU depth cells. Check 

pdop and svc, note where pdop > 4 or where svc = 2. These may indicate periods 

of poor GPS, and one should be very wary of the associated calibration point. 

5. Average the data over the zig zag track section (eg 20 minutes) using padpav (eg x 

separation = 1200s, x search radius = 599s). N.B, this must be centred on the 

middle section of each leg, i.e. at 10, 30 and 50 minutes past the hour for the 20 

minute leg times suggested above. 

6. Calculate the first order differences in the adcp and the ship velocities - adpe adpn 

and vde vdn - using fdiff. 

I . List the data again, and check for outliers. 

8. Use the program paphi to solve for the alignment angle, and the amplitude 

correction, A. 

9. Copy out the depth cells that have consistently good A and phi values using 

pcopya. 

10. For each calibration point use phisto over the depth ceU range selected to find the 

mean and standard deviation of A and (|). Again, check for and eliminate outliers. 

An example of a phisto plot is given in Figure 3. 

II. Using all valid calibration data, calculate the overall mean and standard deviation 

for A and <().. Use those data in adpexec2 to calibrate subsequent data, and write up 

the results of the calibration for the cruise report. 

7 DATA PROCESSING 

An outline of ADCP data processing using the RVS level ABC computer system and the 

pexec programme library has been given in Griffiths et al (1992) and Hartman (1992), The initial 

stages of processing and editing are now reasonably standard, and are not dependent on the final 

form of data presentation required by scientists. Here, there is scope for additions and 

improvements. Most of the processing is done using Unix command shell scripts ('execs') that 

contain some data parameters, ask the user for others, and run automatically a collection of pexec 

programs. Outline flowcharts of adpexecO through adpexecB are given in this manual after the 

figures. Processing the ADCP data is most efficiently done using an Apple Mac, connected as a 

terminal by Ethernet to the shipboard system, and with a PostScript laser printer as an output 
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device. Steps 7,1 to 7.4 should be common to most requirements. W e discuss, and give examples 

of, data displays in section 7.5. 

The calibration of absolute backscatter is, at the time of writing, not routine, The present 

experimental procedure and a pexec program to implement it are described in Annex D, 

7.1 Level C 

The AD CP data enter the shipboard computer system directly into the level C via a hardware 

buffer - so no data backup is possible with the level B. Hence the importance of keeping data 

backup on floppy disks of the pingdata files on the PC hard disk. The RVS computer person sets up 

the AD CP acquisition. Note that RVS files cycle, and the RVS filename may change. The timing of 

such cycling should be agreed between the RVS person and the AD CP data processor. The level C 

gives an alarm signal if the ADCP data stream stops for any reason. 

7.2 Acquisition 

The Unix command shell scripts adpexecO and adpexecl acquire the data from the RVS 

files into pstar and apply a clock correction. For this, start and stop times are required, and ADCP 

and RVS (ie master) clock times, and their difference are needed. The choice of time segments over 

which to process ADCP data is up to the processor, and is dependent on the application. As a 

guide, on Vivaldi surveys the data were segmented into 'on station' and 'on passage', with adpexecO 

run separately for each. On Convex, initial acquisition by adpexecO was in 12 hour pieces, files 

later being formed by cutting and pasting as required to give 'on station' and 'on passage' files. 

This was deemed more efficient because of the higher frequency of CTD stations, 4 per day 

compared to 1 per day on Vivaldi. The 2 minute raw data are archived, and for each time section 

gridded (on time) and non-gridded (bottom) files are created. 

7.3 Averaging 

The script adpexecS calibrates the data for A and ^ and, a s a default, averages to 15 

minutes. The calibration factors are built-in to the script to avoid user error. Any changes to this 

script for special purposes should be noted in a cruise or data report. New calibration values are 

put into this script. This should preferably be done before data are processed further, i.e. soon after 

the calibration exercise at the start of a cruise. Any data acquired before the calibration exercise 

should only be processed as far as adpexecl. 
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7.4 Editing 

The script adpexecS calculates velocities relative to a reference layer and allows several 

display and hard copy options. It also allows a preview of AD CP and navigation data before the two 

are merged. Editing is primarily a manual operation, by obtaining a graphical hard copy of the 

velocities and manually editing outliers and spikes using such pexec programs as pcopya and 

peditb. Cycle numbers can be found by manual inspection knowing NROWS, the gridding 

constant. It is tedious. An interactive graphical editor, plared, is available - see the pexec manual 

page for details. This requires the use of a workstation, but it can speed up significantly the editing 

process. 

The second quality check is a comparison with navigation prior to merging. Such a plot is a 

little unusual, and an example is given in Figure 4. The y axis scale has to cover the fuU range of 

the ship over-the-ground velocity, and hence small velocity errors are difficult to see, but 

nevertheless it is an useful form of check. At each time interval, all velocity values for the two 

horizontal components are plotted against time, and will appear as a vertical line. A long line 

indicates a large velocity range in the profile, either real (compare with neighbours) or spurious (a 

spike). The navigation velocity (ship over ground) is likewise plotted as two components, but as a 

continuous line. Ideally, both the AD CP and navigation data should show a smooth trend. Over 

periods of many hours whilst underway it is most likely that the polarity of the difference between 

ADCP and navigation will change. If there appears to be a consistent, long term difference then the 

calibration for the heading bias (<))) may be suspect. Outliers due to poor navigation or poor ADCP 

data can easily be seen and eliminated (using pcopya/peditb). Note that near sharp turns or 

sudden changes in speed, a 'phase difference' may arise between the two data sets, giving a poor 

match between the ADCP and navigation data. Data during such times should be eliminated. 

Careful scrutiny of the data at this stage is useful prior to merging with navigation. 

Another graphical quality check available in this script is a pseudo-vector plot of the error 

velocity and the vertical velocity. The vertical velocity is plotted as the y axis component, and the 

error velocity is plotted as the x axis component. Under normal circumstances, this plot shows a 

noise-like behaviour, for example, below 200 metres in Figure 5, which was obtained whilst on a 

CTD station. This type of plot highlights errors due to interference, in this case scatter from, and the 

motion of, the CTD wire. This is especially noticable from T=350 minutes onwards. Interference 

from this source is highly dependent on wire angle and sea state. This form of plot is best used in 

conjunction with a vector plot of the horizontal currents to assess likely corruption of the horizontal 

current data. 

The script adpexec4 merges the ADCP data with filtered navigation data, created by 

navexecO and navexecl. 
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7.5 Display 

The script adpexecS was designed to provide graphical output of the data, with special 

reference to Vivaldi type surveys. Plots of absolute current vectors, contoured relative amplitude 

and contoured % good are options, see Griffiths et al 1992 and Figure 6. Output can be to hard 

copy devices or to a PostScript file. If a PostScript file is selected then an option to invoke a file 

transfer (FTP) to a networked Apple Mac is available. This is the preferred route, with the file then 

being spooled to the networked PostScript printer. (Using CAP software on the workstation it is 

possible to send output direct to the PostScript laser on the AppletaBc network. At the time of writing 

this has not been implemented on the shipboard system.) The script has options for the x axis to be 

either latitude or longitude [with a true longitude scale at a predetermined latitude] or time. There 

are limitations because of scaling - no more than 4 degrees of latitude and time is set up as a 5 hour 

window (suitable for most CTD stations). Other scripts have been written, for example, preport, 

which generates PostScript files of the above plots, and adppagel, which takes these PostScript files 

and produces a single page summary of the three plots. Other programs such as allav are available: 

allav averages all profile values in a file to produce a single, averaged, profile. This can be used for 

both on station and for underway data. The script adpexecB creates an AD CP file averaged on 

distance run - to be compatible with SeaSoar profile data. As configured, it produces 12 km 

averages 4 km apart. (If ADCP velocity and SeaSoar geostrophic velocities are to be compared then 

the ADCP gridding should fall between the SeaSoar grid points. That is ADCP at 2, 6, 10 km if the 

SeaSoar is at 0, 4, 8 km.) Individual sections, thus averaged, can b e appended to form long 

sections. Data at a single predetermined level, presently 101 metres, are selected, and appended to 

a file. Using this single level file, a map of the current vectors along the track can be generated 

using parrog, Figure 7. A similar map can be generated from the em log data, and this forms a 

useful comparison for the ADCP. 

There are circumstances when underway data may be of poor quality (eg high ship speed or 

bad weather), in which case on-station data may be more useful. On Charles Darwin cruise 62 

(Convex) the program aUavwas used to average all profiles during a station, these were appended to 

a master file, and layer averages calculated. A vector map using vecplo of a data series averaged 

over 0 to 50 metres depth is shown in Figure 8. This view of the currents is especially useful where 

the stations are closely spaced, it would be less useful in the context of the 300km station spacing of 

Vivaldi. 
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8 CONCLUSIONS 

There is wealth of information available on how to set up and operate an AD CP, on how to 

process the data to give high quality results, and on how to present the data. Time invested in 

reading the manuals and in becoming familiar with the software will be time well spent. It is easy 

to end up with poor data, but it is not difficult to end up with the best possible data set given the 

constraints of all the individual parts of the system. 
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A N N E X A 

ADCP Calibration. Example instructions to the bridge. 

The calibration is due to take place from 0300 - 0600 GMT 26 April 1991 

1. Set GPS interval to 60 seconds 

2. Check that the master RVS clock is synchronized to the GPS time. 

3. Synchronize the ADCP clock to the RVS master clock immediately prior to the calibration 

run. 

4. The calibration run wiU be a series of zig zags done at 8 knots. Each leg lasting 20 minutes, 

starting on 0,20,40 minutes past the hour. At the start of a zig zag alter course by 90 deg to 

port, the ship should be steady on the new course within 4 minutes. Please keep the revs 

constant, keeping an exact speed is not necessary. Please do not alter course during the 16 

minute interval except when necessary. 

5. At the end of a 20 minute run, alter course 90 deg to starboard, keeping to the pattern in 4, 

Thank You 

A N N E X E 

Example GI% Schedule 

SCHEDULE PLOT 

LAT 45:00:00 LON 025.000 W ELEVATION MASK 10 degrees 
JULIAN DAY 116 - FRI/26/APR/91 - GPS WEEK 689 

I 02 06 09 11 14 1 5 
I 02 06 09 11 14 1 5 
I 02 06 09 11 14 1 5 

oil 02 09 11 14 1 5 
I 02 11 13 14 1 5 
I 02 13 14 1 5 
I 02 13 14 1 5 

021 02 13 14 1 5 18 
I 02 13 14 1 5 18 
I 02 13 14 1 5 18 
I 13 14 1 5 18 

031 13 14 1 5 18 
I 13 14 1 5 18 
I 13 14 1 5 18 
I 13 14 18 

21 
21 

Note that time entries are every 15 minutes. The numbers refer to the identity codes of the 

space vehicles above the elevation mask, in this case 10 degrees. Those entries marked .. are above 

the horizon, but beneath the elevation mask, and therefore liable to result in poorer quality fixes, 

with higher pdop. 

This listing can be produced by the RVS computer person. 
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ANNEXC 

List of items required connected with the shipboard AD CP 

RDI transducer unit 

RDI deck electronics box (profiler) 

Box of spare printed circuit cards for the profiler 

IBM PC-AT computer to run the DAS 

Spare POAT 

Hardware (printer) buffer on the serial line to the level C 

DAS software (presently v2.48) pre-installed on the PC 

Floppy disk backup of the DAS software 

GPIB communications drivers pre-instaUed 

Floppy disk backup of the GPIB software 

Floppy disk backup of PC-DOS 

RDI VM Technical manual 

RDI DAS manual 

National Instruments GPIB interface manual 

IBM PC-DOS manuals 

Full RDI system calibration details 

Options: 

Video camera link to the main lab on RRS Charles Darwin 

Temperature readout for the electronics chassis (relevant to backscatter measurements) 

User to provide floppy disks for backup, plan on a rate of 1 per day. 
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Annex D 

Calibration of absolute acoustic backscatter. 

The raw estimate of Automatic Gain Control (AGC) by the profiler can either be converted 

to a relative backscatter using the program adprl2, or it can be converted to an absolute target 

strength using the new, experimental program calampl. Relative backscatter shows qualitatively 

processes such as diel migration and enhancement at fronts and eddies, but lacks the universality of 

a quantitative measurement. Calibrating the AD CP backscatter is not straightforward, one is heavily 

reliant on a number of parameters that are measured by the manufacturer, and the ideal 

configuration to obtain weU calibrated target strengths is not ideal fo r the primary purpose of 

obtaining good current profile measurements. Essentially, this is because to fully calibrate the 

system, each beam must be treated seperately. To do this, only one such RAW AGC measurement is 

available per ensemble, hence there would be a need to log ensembles as rapidly as possible to 

reduce the variance in the backscatter. Our approach is to use a b e a m average AGC, which 

averages some 100 profiles over a standard 2 minute ensemble, thus reducing the variance, and to 

accept and calculate an error bound due to applying a beam average calibration. 

The program calampl works in conjunction with a calibration da t a file in ascii form. A full 

description of the calibration procedure is given in the RDI Technical Note ADCP-90-04 dated 

December 1990. 

This calibration file contains the following parameters: 

Es a 

K1 K2 

TE TX 

C P BK 

ER 

nag 
Where Ks = Constant depending on the system frequency, 4.17e05 for VM-150 systems 

(RDI) 

a= Absorption coefficient dB/m one way, 0.044 for VM-150 systems. 

K1 = Power into the water. Provided as a beam by b e a m measurement, we use an 

average: 4.604 ( +/- 4.3% ) (RDI) 

K2= Dimensionless noise factor for each beam, average: 3.46 ( +/- 17% ) (RDI) 

TE= Electronics temperature in degrees Celcius, +/- 1.6% variation for a 5° 

change around 25°C. 

TX= Transducer temperature in degrees Celcius, same sensitivity as TE. 

C= Sound speed in m/s, at the scattering layer. +/- 2% for a +/- 30m/s change 

around ISOOm/s. 

P= Pulse length in metres, 
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BK= Blank beyond transmit in metres (not presently used) 

ER= Echo amplitude output for noise only, in counts. Obtainable by two 

methods, calculated and in situ. The parameter is highly dependent on the 

electronics temperature in uncompensated systems with a sensitivity of 0.9 

counts per degree Celcius. It makes more sense to attempt the in situ 

method. On station, after the decay of true backscatter signals, say at a 

depth of > 500 metres, where the %good has fallen to 0 or so, the AGC 

count may be considered as the system noise level. As this is a direct 

method, the electronics temperature need not be measured accurately, as 

its efffect is included in the measured counts. On Vivaldi, the mean of 35 

'on station' noise in bin 64 at a depth of 517 metres was 25.7 counts, with a 

standard deviation of 2.3, The lowest figure encountered was 21. There was 

some evidence that some of the higher noise counts (27+) were due to a 

remaining real signal in areas of high backscatter, or were due to higher 

ship noise during bad weather. We estimate that errors due to a real 

variation of ER are therefore of the order of IdB (2.5 counts). 

Flag- 0 or 1. The input variable ampl may be either raw (in counts) or with a 

nominal calibration to dB already applied. The nominal calibration of 

0.42dB per count is applied in adpexecO. If the flag is set to 1 then the 

nominal calibration is removed prior to the absolute backscatter calibration. 

A flag of 0 indicates that ampl is in raw form. 

The RDI calibration equation for target strength is implemented in calampl in segments (F1 

through F7), F1-F4 being independent of bindepth or ampl, F5-F7 being dependent. A new variable 

amplcal (dB) is written to the output file. 
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Annex E 3D GPS measurement of heading pitch and roll. 

In July 1992 an Ashech 3D GPS system for measuring ship's heading, pitch and roll was 

fitted to RRS Discovery. The system is based on the differential measurement of phase, and as the 

antennae are spaced more than one wavelength apart (typically 10 wavelengths) the system must 

keep a count of the number of whole cycles between the antennae. The system comprises a set of 

four antennae, two of which are mounted on the 'bridge deck' forward of the lifeboats, and two are 

mounted on the forward rail of the wheeUiouse top. An important aspect of siting the antennae is to 

minimise multipath signals that cause the reciever to loose a count of the complete number of 

cycles between the antennae. The receiver is kept in the wheelhouse, together with its manuals. An 

RS232 data link goes from the receiver to a dedicated IBM PS/2 computer in the main laboratory. 

This acts both as a remote display of the data and as an aid to the initial acquisition of the relative 

positions of the antennae. This initial acquisition is important for establishing the baselines, its 

computation can take ?? minutes, but the software suppled by Ashtech can work whilst at sea, and 

does not need the user to know any absolute details of the vessel's trim. 
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Figure 1 Example of a Gyro - star sight time series during the six weeks of Vivaldi '91, for the 
port and starboard repeaters. 
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Figure 2 

Wind 

Example ADCP calibration track, showing the prefered track and an alternative if 
there is significant wind. 

A) 45 deg turn 
Preferred 
track 

20 mins per leg 

Prepare to 
calibrate 

B) 90 deg turn 

Alternative track 
given the wind 

30 mins per leg 
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Figure 3 Example of typical phisto plots for the calibration parameters A and (j), from Vivaldi '91. 
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start data cycle = 1 
stop data cycle = 25 
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Figure 4 Comparison of ship velocity over the ground obtained by GPS (solid lines) and ship velocity 
through the water from the ADCP (vertical bars). This form of plot is useful for pinpointing poor profile data 
or poor navigation data. 
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Figure 5 A pseudo-vector plot of vertical velocity (Y axis) and error velocity (X axis). Normally noise like, 
coherent areas such as after T=350 minutes, and around a depth of 50 metres, indicate interference. The 
likely cause in this on-station period was scattter from the CTD wire. 
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Figure 6 Example plots taken from Charles Darwin cuise 62 (CONVEX) whilst on station; they show 
relative amplitude (top), %good (centre) and absolute current vectors (bottom). The relative amplitude plot 
is an example of dawn downward migration of zooplankton. The %good plot shows good data down to 350 
metres. The vector plot shows a different current structure in the upper 50 metres to that prevalent be-
neath. Much of the variation between profiles is because of errors in the ship velocity infered from GPS 
navigation. This page was generated using the scripts preport and adppagel. 
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Figure 7 Current vectors whilst underway from a depth of 101 metres, every 4km, along the Vivaldi '91 
cruise track. Note that eddies, eg on the western leg, are weU resolved. 
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Figure 8 Horizontal map of mean 'on-station' current vectors averaged over the depth range 0 to 50 
metres from CONVEX '91, The program allav was used to obtain the vectors, and they were plotted using 
the program vecplo.The scale is 0.3mm to 1 cm/s. 



Flow chart for the script adpexecO Flow chart for the script adpexecl 

Enter parameters 
adp file no 

start & stop time 

I 
run datapup 

copy out bottom info 
(ie non gridded) 

I 
vels to cm/s (raw) 

write out gridded file + 
archive copy 

write out bottom file + 
archive copy 

correct bottom file time 

correct gridded file time 

Enter parameters 
adp file no 

jday hhmmss dtime { in sees) 
where dtime = real time - adcp time 

GO 
o 

subtract 60 sec from 
time 

to bring it to centre of 
^ 2 min ensemble ^ 

write out bottom 
file + archive copy 

copy out gridded info 

vels to cm/s (raw) 

amplitude to dB (raw) 
from counts 

subtract 60 sec from 
lime 

to bring it to centre of 
V 2 min ensemble > 

write out gridded 
file + archive copy 



Flow chart for the script adpexecZ Flow chart for the script adpexecS 

Enter parameters 
adp file no 

start & stop jdays 

set calib factors 
A and phi 

to bottom file 
screen v>1 OCWcm/s 
eliminates RDI abs 

data 

I 
calibrate bottom track 

velocities 

for gridded file 
screen v>1000cm/s 
eliminates RDI abs 

data 

form averages over 
900 sees 

append bottom file 
to cruise bottom file 

write out bottom 
file + archive copy 

calibrate veins, velew 

adedit to eliminate 
velocities where 

%good < 25% 

write out gridded 
file + archive copy 

Enter parameters 

adpNeno 
plol types 
plot devil 

enter refemnoel^er 
thencakukdemWive 

currents 

rel current plot 
selected? 

set san & stop time 
then plot using parrog 

plot as prM#es? 

get start & slop tmie 
then plot using pbtgr 

enter navigWion fde 
nurrber 

set start & stop time 

then plot using overxy 

pseudo-vectof 
pbt selected? 

enter start & stop tme 
then plot using panog 



Flow chart for the script adpexec4 Flow chart for the script adpexecS Flow chart for the script adpexecG 

write out gridded 
file + archive copy 

calculate absolute 
water velocities 

merge adp data with 
distrun, la,t Ion and 
vshipns, vshipew 

Enter parameters 
adp file no 

smoothed nav file no 

Enter parameters 
adp file no 
pbtdevk* 

. xaaa W b n or t in * 

set bn scale at ref 
lat(nom 43 N) 

opbontoFTPM 

connected 
^ ##lupxaxi$sc#jmg 

plot absolute 
curmnXveckM? pafTog wmh 

gtnarrogfd* * X mxM bm#? 

parrog with 
absarrog.pdf 

FTP if enabled 

pic* contoured 
relative ampi? 

calculate relative 
mmp§lud# pcomrwAh 

mtnamplcdl i« X mx* 1im#? 

pcontrwith amplcdf 

FTP if enabled 

plot contoured 

%Q00d? 
pcontr with 
mtngoodod! 

IS X axis time? 

pcoNrwhgood.cd* 

FTP rf enabled 

Enter parameters 
adp file no 

setup X axis 

average with 6 km 
search radius, 

profiles 4 km apart 

append to cruise 
master distance 

gridded file 

extract data from 
single level and 
append to cruise 
master level file 

GO 
CO 



WHP Hydrographic Operations and Methods - July 1991 

A c o u s t i c D o p p l e r C u r r e n t P r o f i l i n g M e a s u r e m e n t s a n d N a v i g a t i o n 

Eric Firing 

University of Hawaii 

Honolulu, Hawaii 96822 U.S.A. 

1. In t roduct ion 

Shipboard Acoustic Doppler Current Profiler (ADCP) measurements are not difficult 
to make. A good system, properly set up, can and usually should be left to run contin-
uously throughout a cruise with no intervention beyond changing the floppy disks when 
they are full. The following discussion is intended primarily to help ADCP users ensure 
that they have a good system to work with and tha t it is properly set up. This note is 
intended to supplement, not supplant, the information provided by ADCP manufacturers. 
In particular, the new ADCP user is advised to read first the "Practical Primer" published 
by RD Instruments, for an introduction to the principles and terminology of Doppler pro-
filing. Before embarking on a cruise, the user should also become familiar with the relevant 
manufacturer's manuals and technical bulletins. 

The present note begins with a bit of motivation: a list of some of the potential 
scientific benefits from shipboard ADCP measurements (Section 2.). There follows a de-
scription of shipboard ADCP systems (Section 3.) and the related navigational instruments 
(Section 4.). Recommendations for the configuration and operation of a shipboard ADCP 
are given in Sections 5. and 6., and calibration methods are summarized in Section 7.. The 
steps required to process ADCP data are listed in Section 8.. The note concludes with a 
discussion of the accuracy of shipboard ADCP measurements (Section 9.). Appendices list 
sources of GPS information (Appendix A), describe the publicly available software devel-
oped at the University of Hawaii (Appendices B and C), and give recommendations for 
using the obsolescent Transit navigation system (Appendix D). 

2. Sclenti6c rat ionale for A D C P measurements 

ADCP measurements can make important contributions at moderate cost to almost 
any hydrographic cruise, and to the WHP cruises in particular. With an ADCP one can 
map current structure along the cruise track with high vertical (10-20 m) and horizontal 
(2 km) resolution. Having both horizontal components of the velocity vector gives a more 
complete and realistic picture of the currents at the time of the cruise than can be obtained 
from the geostrophic cross-track component. This helps in mapping the circulation and in 
interpreting tracer measurements. Accumulating ADCP sections from many cruises, one 
can statistically describe the upper ocean vertical shear field as an aid in interpreting drifter 
measurements. In some regions, the ADCP velocity field will be the best available reference 
for geostrophic calculations. At low latitudes, geostrophic calculations from single cruises 
are unreliable, and direct current measurements are essential if one is to know the upper 
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ocean currents. This appears to be t rue in strong nearshore c u r r e n t regimes as well. A 
significant par t of the upper ocean current structure is ageostrophic; unlike geostrophic 
calculations, the A D C P measures the actual current field. The m e a s u r e d currents include 
interesting ageostrophic components such as the Ekman drift , as well as inertial waves, 
which are signal to some oceanographers and noise to others. The ADCP-measured vertical 
shear combined with CTD-measured stratification yields estimates of Richardson number, 
which may be a useful index of diapycnal mixing in the upper ocean . 

3. T h e A D C P system 

A shipboard A D C P system includes the profiler itself (deck electronics and a trans-
ducer), the transducer mount , a da ta acquisition computer and so f tware (Data Acquisition 
System, or DAS), and navigation instruments including the ship's compass . Navigation in-
struments are discussed in Section 4.; here we consider only the prof i ler and the transducer 
installation. See Firing (1988) for additional information and opin ions about all aspects of 
A D C P systems. 

3 . 1 P r o f i l e r 

The vast major i ty of shipboard ADCP systems are made by R D Instruments; models 
differ only in the frequency of sound they use. Short-term accuracy a n d vertical resolution 
increase with increasing sonar frequency, but at the expense of decreased profiling range. Be-
cause the W H P is primarily concerned with large-scale phenomena, t h e two lowest-frequency 
models, operating at 75 kHz and 150 kHz, are much more app ropr i a t e for W H P work than 
are any of the higher frequency models. The VM-75 might indeed b e the most suitable of 
aU for the WHP, but few have been installed (probably because t h e transducer is so large 
and awkward) and I have no experience with them. The most c o m m o n model, the VM-150, 
can serve the W H P well. 

The depth range of a given profiler is determined by the dens i ty of scatterers, the 
presence of bubbles under the transducer, and the noise generated by the propellers and 
by flow along the hull. In moderate weather (winds less than a b o u t 20 knots), typical 
maximum profile depths for an RD Instruments model VM-150 a r e about 280 to 450 m 
when the ship is on stat ion, and 180 to 400 m when underway. T h e greater ranges are 
achieved near the equator, in coastal regions, and at high la t i tudes when winds are light; 
the poorer ranges result from higher winds and /o r lack of scatterers as in the middle of the 
subtropical gyres. A profiler can be rendered useless when the sh ip is steaming into head 
seas and clouds of bubbles are frequently swept under the t ransducer . 

3 . 2 D a t a a c q u i s i t i o n s y s t e m 

Shipboard A D C P s are always operated in conjunction with a computer running a 
program that controls the profiler and records the profiles. The usual functions of this 
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DAS include vector averaging sequences (ensembles) of profiles in geographical coordinates, 
recording the ensemble averages on disk or tape, and plotting them on the screen. DAS pro-
grams are usually quite complex, and few have been written. Most users of RD Instruments 
profilers also use the RDI DAS, which runs on an AT-class PC. It is well recognized that 
this DAS is not perfect, but until a substantially better one is developed and thoroughly 
tested, continued use of the RDI DAS is probably advisable. Despite its faults it serves its 
purpose, and it has the virtue of being a stajidard. 

3 . 3 T r a n s d u c e r i n s t a l l a t i o n 

ADCP transducer installations are not yet well understood. Some experimentation 
has been done and at least one poor installation has been successfully redesigned (Leaman 
et al., 1989), but it seems that no one can predict accurately how well a new installation will 
work. The least understood aspect of the problem is noise: what the sources are and how it 
can be minimized. Propeller cavitation seems to be the major noise source on some ships, 
and flow noise may be the biggest problem on others. On some ships the noise increases 
uniformly with ship speed, and on others there is a distinct threshold speed above which 
it increases drastically. Reverberation (or "ringing") of the transmitted pulse has been a 
crippling noise source in at least one installation. 

Bubbles in the water in front of the transducer absorb sound, so a good transducer 
installation is one tha t keeps the transducer in bubble-free water. A faired housing project-
ing below the huU is often used for this purpose, but some such installations are still subject 
to bubble problems; and some installations flush with the hull, such as on the Wecoma, seem 
to be relatively free from obstruction by bubble layers. Perhaps the shape of the hull is a 
major factor determining how much air is entrained in the water flowing under the hull. 

An essential requirement for any installation is that the transducer be rigidly 
mounted; its orientation relative to the ship must be constant. Ideally this constant orien-
tation should be maintained even when the transducer is reinstalled. 

Easy access to the transducer is highly desirable, but sometimes difficult to achieve. 
Mounting the transducer at the bottom of a well that extends up through the ship to above 
the waterline is ideal, because it provides access when the ship is at sea. Such a well must 
be designed carefully to ensure that the transducer is solidly mounted, however. 

Transducers made by RD Instruments are fragile; water is kept away from the ceramic 
elements only by a thin layer of urethane. Barnacles can and often do attach themselves 
to this urethane and gradually cut through it, causing leaks and complete failure of the 
transducer. One way of preventing this is to protect the transducer by mounting it behind 
an acoustic window, typically made of rubber or plastic. The effects of windows are not 
well understood, however, and they must be tested carefully in each installation to see that 
they are not causing unacceptable loss of profiling range or other degradation of the signal. 
Another way of attacking the barnacle problem is to flood the transducer well or sea chest 
with fresh water whenever the ship is in port. Exposure to fresh water for a day should 
kill any barnacles tha t have become attached since the previous port call. This method has 
been tried only recently, and it is too early to evaluate its effectiveness. 
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4. Nav iga t ion 

Navigation for our purposes requires instruments to measure t h r ee quantities: ship's 
heading, ship's velocity relative to some vertical average of the w a t e r column (reference 
layer), and position fixes. Heading is needed only for t ransforming t h e ship's velocity into 
geographical coordinates. Measurement of the ship's velocity re la t ive to a reference layer, 
such as from an ADCP, is needed for dead reckoning between pos i t ion fixes. Even when 
fixes are calculated almost continuously, as by GPS and LORAN receivers, relative velocity 
measurements can improve navigation by reducing the effect of sho r t - t e rm errors in the 
fixes. 

4 . 1 H e a d i n g 

During the early 1990's, heading will normally be provided by t h e ship's gyrocompass. 
It can be t ransmit ted by either of two methods: stepper control s ignals , which are essentially 
digital commands tha t would ordinarily go to a stepper motor; or b y synchro signals, which 
are analog AC voltages carried on 5 wires; two carry a constant reference voltage and the 
other three carry voltages tha t vary with the sine of the angle b e i n g transmit ted. Stepper 
signals specify angles modulo 1°, with a precision of g°. A s t e p p e r decoder must always 
be initialized when power is turned on to specify the integer degree , and noise can cause 
the decoder to lose count of the degrees. Synchro-to-digital conversion tends to be more 
robust than stepper-to-digital conversion and is therefore preferred f o r the ADCP. A synchro 
transmit ter can sometimes be added to a compass tha t uses a s t eppe r to drive its repeaters. 
This was done on the Moana Wave at minimal cost when the A D C P was installed. 

Synchro t ransmit ters can be connected directly to the gyrocompass shaft, in which 
case the gear ratio is 1:1, or they can be connected through a gear t r a in with a rat io of up 
to 360:1 (synchro revolutions per ship revolution). The advantage of a 1:1 synchro is that 
there is no ambiguity, and no need to initialize the heading in the A D C P at power-up. The 
disadvantage is tha t accuracy may be lower than for any other t ransmiss ion configuration. 
In practice it can still be quite adequate, around 0.1°. I r ecommend tha t this be checked 
at the dock by slewing the compass and noting the heading as received by the ADCP. 
This procedure provides an end-to-end check of the da ta t ransmiss ion , including bo th the 
synchro t ransmit ter on the compass and the synchro-to-digital conver ter in the ADCP. 

If heading is available only via stepper or via a synchro with g e a r reduction, then it is 
imperative that the heading as recorded by the ADCP (and displayed on the screen with the 
RDI DAS) be checked frequently against the heading on the master compass. The stepper-
to-digital converter can lose one or more counts every now and t h e n , with devastating effect 
on ADCP accuracy. Such loss of counts indicates a malfunctioning repea te r or other source 
of noise on the s tepper lines. This should be corrected immediately. Gear-reduced synchro 
conversions can also lose counts, but the only time I have seen th i s problem it was caused 
by inadequate filtering in the first version of the ADCP synchro-to-digital converter board , 
which has since been corrected. The problem that remains, with b o t h gear-reduced synchro 
and stepper, is determining the exact offset between the compass h e a d i n g and the synchro 
or stepper reading. (The offset is called the "heading bias" in the R D I DAS). This should be 
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done first at the dock. For a 360:1 synchro, assuming the gear mechanism is properly aligned 
with the gyrocompass output shaft, the heading bias will be either an integer number of 
degrees or an integer plus 0.5°, depending on the polarity of the reference voltage wires. 
Similarly, with proper alignment the ambiguity in stepper output is the integer degree, so 
only integer heading biases should be required. This should be verified for each installation, 
however. 

A simple gyrocompass points not due north, but along the axis of the total rotation 
vector: the sum of the earth's rotation and the rotation of the compass due to its relative 
motion on the earth 's surface. The difference from due north is typically of order 1° for 
a ship, and is a function of lati tude and of the north component of the ship's velocity. 
Most gyrocompasses can compensate for this error, given correct settings of two dials, one 
for latitude, one for speed. It is suggested that the scientific party discuss this with the 
Captain at the start of the cruise, emphasizing tha t for ADCP purposes there is no limit 
to the desired heading accuracy, and that therefore the compensation should be kept as 
accurate as possible. (Don't go overboard; it is not necessary to get the latitude to the 
degree or the speed to the knot; but it is good to keep the lati tude correct to a few degrees, 
limited by the crudeness of the compensator knob, and to adjust the speed compensator 
when the ship makes a major speed change.) The Captain can also be queried about his 
knowledge of the accuracy of the particular compass, when it is checked for drift, how 
accurate the check is, etc. For example, the ship's officers may routinely use star sights to 
check the compass, and may in this way track its drift to 0.5° or so throughout a cruise 
(given clear skies and calm seas). If so, this is useful information. 

4 . 2 V e l o c i t y r e l a t i v e t o a r e f e r e n c e l a y e r 

Whenever an ADCP is available, it should be used as the speed log; it will almost 
certainly be the best available if it has been installed and calibrated properly. The reference 
layer should be chosen so that it is expected to be as smoothly varying as possible along 
the cruise track. Hence one wants the thickest layer tha t usually contains good data, and 
tha t perhaps omits the first few depth bins near the surface. I normally use ADCP bins 
5-20, corresponding to about 50-170 m with 8-m bins. If I were expecting bad weather and 
poor ADCP range I might reduce the range to bins 5-15, or perhaps 3-15. However, there 
is nothing to be gained by frequent fiddling with the bin range. 

4 . 3 P o s i t i o n fixes 

Because most WHP cruises will be outside the range of Loran C, satellite navigation 
will be the primary source of position fixes. The Global Positioning System (GPS) is now 
approaching 24-hour 2-dimensional coverage and the need for the older Transit navigation 
system is dwindling. If Transit navigation must be used anyway, see Appendix D. 

A good GPS receiver with a serial interface should be used on every W H P cruise. 
GPS receivers are cheap enough now that it would be feasible as well as advisable to carry 
a spare. There appears to be little advantage for W H P ADCP work in getting the most 
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expensive models, since the fix accuracy of the cheap ones is a b o u t the same. Some 2-
channel sequencing receivers—including the Magnavox 5400 and 1100 series—sometimes 
show positions oscillating with a 4-second period and with a peak-to-peak amplitude of up 
to 60 m. Multichannel continuously tracking receivers, such as t h e new and inexpensive 
6-channel Magnavox 4200, are likely to be much better. 

Differential GPS methods can provide very high accuracy t h a t is nearly unaffected 
by Selective Availability (the deliberate degradation of GPS accuracy provided to civilian 
users), but require reference receivers within a thousand kilometers o r so of the ship. The 
reference d a t a must be either logged or transmitted in real t ime to t h e ship. Because of the 
cost, complexity, and range limitations, it seems unlikely tha t differential GPS will be used 
on many W H P cruises, if any. 

For ADCP purposes, GPS fixes should be recorded as near a s possible to the end 
of each ADCP ensemble. Note that one must be careful to record f ixes , not dead reckoned 
positions. In terms of the standard NMEA-0183 data blocks, this m e a n s message "GGA". 
There may be a modest advantage in recording fixes more often, particularly for ADCP 
calibration. GPS quality information (which is included in message " G G A " ) should also be 
recorded. Horizontal dilution of precision (HDOP) is most relevant, a l though position dilu-
tion of precision (PDOP) will do if HDOP is not readily available. T h e number of satellites 
used should also be recorded. Regardless of the number of satellites available, it seems wise 
to operate a shipboard GPS receiver in the altitude-hold mode (in which the antenna height 
is specified), so that only the horizontal position of the antenna is calculated from the satel-
lite measurements. With the antenna height specified accurately, two-dimensional fixes can 
be calculated when only three satellites are in view; and when more t h a n three satellites are 
available, two-dimensional fixes can be calculated more accurately t h a n three-dimensional 
fixes. 

4 . 4 I n t e g r a t i n g n a v i g a t i o n w i t h t h e A D C P 

The integration of satellite navigators into the ADCP system is not absolutely essen-
tial, but it is highly recommended. Its benefits include improved navigation quality, reduced 
da ta storage requirements because fixes are recorded only when needed, and convenience 
because ADCP and navigation data are recorded in the same file. T o achieve all of these 
benefits there must be 2-way communication between the DAS and t h e satellite navigator: 
the DAS sends ADCP speed log information to the navigator, and receives fixes from the 
navigator. Because GPS fix accuracy does not depend on informat ion about the ship's 
velocity, the ADCP speed log function is not critical in a GPS-based system, however. 

With the present RDI DAS, integrating navigation into the A D C P system requires 
a "user exit" program which effectively becomes a part of the DAS. I have written one such 
program to work with the Magnavox 1100 series (1102, 1105, 1107, 1157, with or without 
GPS), and have recently added partial support for GPS receivers t h a t use the NMEA-0183 
data format (Appendix C). Full support of this modern format will be available soon. 
ADCP users may request this program from me and use it as is, if appropr ia te , or use it as 
a starting point for their own versions. I would simply caution tha t user exit programs can 
easily disturb the DAS (and possibly crash the machine), so care a n d testing are needed 
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with any new version. 

User exit programs to handle navigation are also available from RD Instruments and 
probably from other sources. Before a user exit program is used on a W H P cruise, it should 
be checked to see tha t it provides the necessary funct ions when working with the available 
satellite navigators, and then it should be tested in place with the DAS and the navigators. 
Instructions for the setup of the navigator should perhaps be posted near the navigator, 
so tha t navigation logging will not be disrupted by incorrect or inappropriate navigator 
settings. 

5. A D C P setup 

The following recommendations apply to the common RD VM-150 instruments. 
They are suggestions based on my experience to date and are certainly subject to argu-
ment and to revision; but they may provide a useful s tar t ing point . For definition of 
terms, consult two publications available from RD Instruments: the VM operation and 
maintenance manual, and "Acoustic Doppler Current Profilers, Principles of Operation: A 
Practical Pr imer" . The user is also referred to these manuals, to the new DAS manual, and 
to RD Instruments Field Service Bulletins and Technical Notes for additional information, 
suggestions, and updates . 

Before going into the details, here is a general recommendation; keep it simple and 
consistent. It is usually best to set up a single reasonable configuration and stick with 
it ra ther than make frequent changes. Configuration changes tend to complicate da ta 
processing and interpretation more than they can possibly improve the da ta quality. 

F i r m w a r e : It is important to keep the A D C P firmware reasonably up to date. Some 
firmware changes will require hardware modifications as well, in which case one must 
remember to get any spare boards modified along with the profiler itself. The upgrades 
announced by RDI in March, 1989, are extremely impor tant , and should be performed 
before any W H P work is done. A lesser bu t still significant upgrade, to firmware 
revision 17.07, was announced in late 1990. It involves mainly the bot tom tracking, 
but includes some improvements in water tracking as well. 

D e p t h ( r a n g e ) p a r a m e t e r s : The blanking interval should be at least 4 m, not the 2 m 
tha t was the original default . I prefer a depth bin length of 8 m, and a pulse length 
of either 8 or 16 m; the longer pulse increases the maximum range by a few tens of 
meters in some cases, at the expense of vertical resolution. Note tha t very short bins 
and /o r pulses have disadvantages (shorter range, higher variance and bias) and no 
real advantages. The limits on effective vertical resolution are set by the spreading 
of the beams, their angle from the vertical, and often the pitch and roll of the ship. 
The number of bins should be set so that the percent good pings has nearly always 
dropped below 25% by the last bin. With 8-m bins, 50-60 bins are usually adequate. 

T e m p o r a l s a m p l i n g ; The profiler should be kept pinging as frequently as possible. It 
does this by default so long as the ensemble averaging is done in the DAS, not the 
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profiler. The operator can assist by not using an outrageous number of depth bins 
(don't use 128 bins if the data are never going to be good beyond bin 60), and by using 
GPIB rather than serial communications between the profiler and the DAS computer. 
Bottom tracking is also a factor: turn it off when the w a t e r will be consistently 
beyond bottom tracking range, so that all pings can be devoted to water tracking. 
The DAS ensemble averaging interval should normally be somewhere in the range of 
1-20 minutes. An interval as short as 1 minute gives a very large data set to process 
as the price for improved spatial/temporal resolution, which might sometimes contain 
interesting signal. The higher resolution may be helpful in ed i t ing also, although the 
disadvantage of additional data to look at may overwhelm t h e theoretical advantage 
of resolution. As a compromise, I have always liked a 5 -minu te ensemble averaging 
time, and that is what I recommend for most WHP work. I have never used a longer 
interval, and have used shorter intervals only in special circumstances such as when 
mapping the flow around islands and in some calibration maneuvers . 

C o m p e n s a t i o n for heading , pitch, and roll: Compensation for heading, that is, 
vector-averaging of pings in earth coordinates, should a lways be done. Compensa-
tion for pitch and roll should be done if one is sure the pitch and roll sensors are 
reliable. The improvement to the data from pitch and roll compensation is usually 
small. The damage tha t can be done by a malfunctioning vertical-axis gyro providing 
incorrect a t t i tude measurements is large. 

Reference layer used in ensemble-averaging: The ensemble-averaged profile should 
always be calculated after removal (and separate averaging) of the vertical mean 
over a reference layer. I have usually used bins 5-20, a l though one could use 2-20 or 
2-15. The top bin tends to be less accurate and more variable than the others and 
is therefore excluded from the reference layer. The last bin of the layer should be set 
so that it is usually well within the profiling range of the ins t rument . The benefit of 
the reference layer calculation does not depend critically on the layer used, however, 
so long as the layer contains good data on each ping. 

Error ve loc i ty edi t ing: Error velocity screening by the DAS is a potentially useful filter 
for outliers. A threshold should be chosen to make only a slight reduction in the 
percent good; only a few outliers should be eliminated. T h e RDI recommendation of 
100 cm/s is a reasonable starting point. I have never used less than 60 cm/s . 

Sound speed: For non-obvious reasons, the constant of proportionali ty between the 
Doppler shift and the water speed involves the speed of sound at the transducer only. 
Ordinarily, one should let the DAS calculate it from the tempera ture measured at 
the transducer and a reasonable salinity specified in the configuration. Sound speed 
changes by about 0.1% for each psu change in salinity, so i t is not necessary to keep 
changing the salinity in the configuration; keeping it within 0.5 psu or so will make it 
a very small source of error. The most important thing is to monitor the temperature 
measured by the profiler and displayed by the DAS. If it d r i f t s away from sea surface 
temperature then the thermistor has failed. One must then configure the DAS to use 
a specified sound speed, and one must calculate this from sea surface temperature and 
correct it in the DAS whenever there is a significant change. Sound speed changes 
by 0.3% per °C at 0°C, and by 0.13% per °C at 30°C. Recalculating sound speed for 
each 1°C change in sea surface temperature would be a reasonable procedure. 
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T h r e e - b e a m s o l u t i o n s : Whether to use 3-beain solutions to improve the depth range 
depends on the characteristics of the particular installation. If the error velocity is 
consistently small, even at the bottom of the profile where the percent good is dropping 
rapidly, then the 3-beam solutions will be similar to the 4-beain solutions and can be 
used. I have not done the algebra needed to quantify this. 

B o t t o m t r a c k i n g : Bottom tracking should be turned on when the bot tom is within range. 
When bottom tracking is used, bot tom track pings should be interleaved 1:1 with water 
track pings. With other ratios there is increased likelihood of aliasing and serious 
error in the bot tom track measurement. The direct command for 1:1 interleaving is 
"FHOOOOr. 

W h a t t o r e c o r d : Always record all ensemble-averaged velocity components: N/S , E / W , 
vertical, and error. Always record percent good, AGC level, and ancillary data. If 3-
beam solutions are used, then record percent 3-beam. Ordinarily there is little point 
in recording any of the "last raw" variables. Beam statistics can be helpful, take 
little space, and should therefore be recorded. Standard deviation of velocity is not 
calculated correctly in the DAS as of this writing, and so should not be recorded. 
Spectral width is optional. I have not made much use of it so far, but I do record it. 
If a user-exit program is in use, the correct number of bytes to record (from a memory 
block called the "user buffer") must be specified. 

G r a p h i c a l d i s p l a y : The display does not affect what is recorded, and so is may be set to 
the taste of the operator. 

D i r e c t c o m m a n d s : There is presently one ADCP water tracking parameter tha t cannot 
be set from the DAS and tha t in many cases should not be left at its default. The "E" 
command controls ping-to-ping tracking. By default the processing filter is positioned 
based on the average frequency in the top 30% of the bins in the previous pings (with 
a variable weight for increasing lags). If the near-surface shear is large, as in the 
equatorial undercurrent for example, then this default ensures poor positioning and 
consequent bias errors in the top few bins, until the bin-to-bin tracking loop corrects 
the initial error. The solution is to tell the ping-to-ping tracker to use only a few bins 
(5 in this example) starting with bin 2; the direct command for this is "E0005020199". 
As far as I know there is no good reason not to use this command routinely; it should 
do quite well in positioning the tracker regardless of whether there is large shear in 
the upper 100 m. However, with regard to this and all other direct commands, the 
user is cautioned to check the manufacturer 's technical bulletins for changes and new 
recommend ations. 

6. A D C P operat ion 

The first principle of operation is to set the instrument up and then let it run as 
long as possible without interruption. If an interruption is needed, it should be done right 
after a profile ( that is, the ensemble average of the individual single-ping profiles) has been 
written to disk, and it should be kept as brief as possible. Avoid interruptions when the 
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ship is accelerating. Interruptions are less destructive of absolute velocity accuracy when 
GPS is available than with the less frequent Transit fixes, but still should be avoided. 

The DAS display should be checked occasionally to see t ha t t h e ADCP system.^ in-
cluding the integrated navigation instruments, is working normally. Usually the graphical 
display is preferred, both for monitoring the instrument and for viewing the current struc-
ture. Wi th GPS navigation integrated into the DAS by a user-exit program, and with a 
5-minute ensemble averaging interval, the real-time absolute velocity est imate is often quite 
good ( to 10 cm/s or so), so I normally choose the DAS option t o reference the velocity 
profile to the navigation. Occasionally the position fix jumps and consequently the velocity 
profile is off-scale for one ensemble—this is a minor inconvenience and nothing to worry 
about . 

The most important things to monitor are: 

H e a d i n g : check that it agrees with the ship's compasses. 

T e m p e r a t u r e : check against sea surface temperature to ensure t h a t the DAS is using the 
right sound speed to calculate velocity. 

V e l o c i t y : check for reasonableness in the region where the percent good is greater than 
25%. 

B e a m s t a t i s t i c s : check that all four numbers are roughly the s a m e , indicating t ha t all 
four beams are performing equally. 

The last i tem in this list is not available from the graphical display; one must switch to 
the tabular display, which can be done with only a very brief in te r rup t ion . In the tabular 
display, the velocities and signal strengths are given for each beam f r o m the last ping of the 
ensemble. Because there is no averaging, the numbers are highly variable. 

7. Ca l ibra t ion 

The basic methods of calibration are explained by Joyce (1989) and Pollard and Read 
(1989) and will not be repeated here in detail. Briefly, there are t w o methods: comparing 
the ship's displacement measured from bot tom tracking with t h a t measured from GPS, 
and comparing the acceleration relative to the water measured w i t h the ADCP to the 
acceleration over the ground measured with GPS. These two m e t h o d s should give identical 
results for the transducer orientation (relative to the gyro compass), b u t they can give scale 
factors tha t differ by something like 0.5%. Therefore the bot tom t r a c k method is a useful 
supplement to the water track method, but cannot replace it. 

The bot tom track calibration method is straightforward a n d will not be discussed. 
Here are some notes about the acceleration method: 

W h e n t o d o i t : Any substantial acceleration of the ship during good GPS coverage can 
be used, so usually most calibration points are obtained in t h e course of a normal 
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hydrographic cruise when the ship stops on station and then gets back underway. 
Additional calibrations can be obtained at very low cost in ship t ime by slowing the 
ship by at least 6 knots for about 20 minutes at any time between stations or on 
deadheads. 

N a v i g a t i o n : Good quality GPS is essential. It is also important tha t the fixes be obtained 
within a very few seconds of the end of each A D C P ensemble. If fixes are not being 
logged with a user exit program, then they should be logged externally very frequently 
(up to once per second), and the ADCP time (which comes from the DAS P C clock) 
must coincide with GPS time. The ADCP time can be adjusted in post processing. If 
necessary, this adjustment can be determined to within a few seconds from the GPS 
fixes and the ADCP data alone. 

S c h u l e r o sc i l l a t ions : One source of error is the Schuler oscillation of the gyro compass. 
Everything I have read indicates that the oscillation is excited mainly by the merid-
ional component of acceleration of the ship on the time scale of the oscillation (84-
minute period). If so, then calibrations should be more accurate on zonal cruise tracks 
than on meridional tracks, and on the lat ter should be more accurate when the ship 
stops than when it gets underway. It is not yet clear that these effects are detectable 
in the data I have looked at . Also, it is not clear to me how the ampli tude of the 
oscillation should vary from one compass to another; the oscillations reported by Pol-
lard and Read (1989) are larger than I seem to see on other ships and larger than I 
expect based on the calculations of Stansell (1973). 

The assumption underlying most discussions of ADCP calibration is tha t gyrocom-
pass error may drift with time over a period of days to weeks, but at any t ime is independent 
of heading (apart from the short-term Schuler oscillation). This assumption has recently 
been demonstrated false in at least one case: a s tandard Sperry Mark 37 compass has been 
shown to have a difference of 1.5° between the errors on north versus south headings. I do 
not know yet whether this dependence of the error on heading is a symptom of compass 
failure, how long it has been occurring, or how commonly it might occur on other compasses. 

Software for performing calibration calculations (both methods) is included in the 
UH da ta processing system (Appendix B). 

8. D a t a processing 

Processing A D C P data well is not a trivial task, but neither is it so difficult tha t it 
should limit the collection or use of ADCP data . In this section I will list the operations 
tha t any ADCP da ta processing system is likely to perform; some components and charac-
teristics of the particular software system developed at University of Hawaii are described 
in Appendix B. Developing this type of software requires considerable time and effort, so 
I suggest that new ADCP users consider adopting existing systems rather than developing 
their own from scratch. The UH system was developed with this in mind and is readily 
available (Appendix B. This may be true of other systems as well. 
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8 . 1 T h e b a s i c f u n c t i o n s 

In the following, "profile" will refer to the recorded ensemble-average of single-ping 
profiles. The basic functions that must be performed are: 

S c a n the raw da ta files to ensure they are readable, to identify g a p s or other problems, 
and to extract information needed to correct the recorded prof i le times in case the P C 
clock was in error. 

L o a d the da ta into a database suitable for processing and analysis . 

C o r r e c t the profile times. This can be done as the profiles are l oaded into the database. 

E v a l u a t e the quality of the dataset as a whole by calculating a n d plotting diagnostic 
statistics. Signal strength (as measured by the Automat i c Gain Control: AGC), 
percent good pings, error velocity, vertical velocity, and the vert ical derivative of the 
horizontal velocity components are informative. It is useful t o compare these variables 
between on station and underway periods. 

E d i t the profiles. 

C a l i b r a t e the profiler-gyrocompass combination. Scale factor a n d rotation calibrations 
must be determined from all available da ta as a function of t ime during the cruise 
and then used to correct the velocity da ta . 

R e f e r e n c e the relative velocity profiles by calculating the ship's pos i t ion at the end of each 
profile and the average velocity of the ship during the profile. 

A d j u s t d e p t h for the difference between the actual vertically averaged sound speed (cal-
culated from hydrographic data) and 1470 m/ s , the nominal sound speed assumed by 
RDI in converting pulse travel times to ranges. 

G r i d a n d p l o t the absolute velocity field in useful ways, such a s contoured sections of 
each horizontal velocity component and maps of velocity vectors at each of several 
depths. 

The order given above is reasonable, bu t does not have to b e followed exactly. Da ta 
processing is often done iteratively, beginning with a quick pass (minimal or no editing 
and calibration). Editing does not have to be done all at once. F o r example, clipping the 
bottom of the profiles can be delayed until the da ta are extracted fo r plotting. 

9. Accuracy 

Shipboard A D C P measurements are inherently complicated, and their accuracy can-
not be reduced to a single number. One must instead characterize the accuracy of various 
products calculated from ADCP measurements, as a function of m a n y variables. For ex-
ample, one might estimate the uncertainty in transport across a given 1000-km section in 
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the top 200 m, or one might estimate the uncertainty in the velocity at 50 m relative to the 
velocity at 80 m, averaged over 5 minutes. The main source of error in the transport mea-
surement would probably be uncertainty in the orientation of the transducer in geographical 
coordinates. The main source of error in the relative velocity measurement might be the 
inherent limitation in short-term accuracy of the Doppler measurement. In the following 
discussion I will not give a complete characterization of ADCP system error, but I will try 
to cover the main points that are relevant to W H P ADCP work. 

9 . 1 E r r o r s i n r e l a t i v e v e l o c i t y 

Accuracy of the ADCP in measuring currents relative to a vertical mean is thought 
to be of order 1 cm/s. This accuracy is very difficult to measure, however, and so the 
estimate is based primarily on theory and simulations (RD Instruments Technical Bulletin 
ADCP-89-06). Larger errors discussed by Chereskin et al. (1989) have been greatly reduced 
in new or upgraded instruments. 

When measuring currents relative to the ship, small deviations in transducer geom-
etry lead to current errors proportional to the ship's speed. These errors are constant and 
can be removed by in situ calibration procedures described by Kosro (1985), Joyce (1989), 
and Pollard and Read (1989). Errors in sound speed used in calculating velocity from 
Doppler shift are similar but may be time varying and are therefore not as easy to remove. 
For example, if the salinity is off by 1 psu and the temperature by 1°, the combined error 
could be 0.2% in sound speed and hence in velocity. With a ship speed of 5 m / s the error 
is then 1 cm/s in the along-ship velocity component. Very small quantities of bubbles in 
the water can also reduce sound speed dramatically; it is not clear yet whether this effect 
can be observed in shipboard ADCP measurements. In addition. Pollard and Read (1989) 
found day-to-day differences in the amplitude calibration parameter of as much as 1%. They 
suggest tha t this may be due to signal processing subtleties combined with variations in the 
density of scatterers, but this has not been confirmed. 

9 . 2 E r r o r s i n a b s o l u t e ve loc i ty-

Calculating absolute currents in geographical coordinates by adding the motion of the 
ship to the relative ADCP profiles introduces two more sources of error: (1) fix inaccuracy 
causes errors in the ship's velocity, and (2) the combined errors of the compass and of the 
transducer orientation about the vertical axis cause errors in the transformation from ship 
coordinates (starboard and forward) to geographical coordinates (east and north). The 
second of these error sources is often the more troublesome, since it leads to errors in the 
cross-track velocity component that are proportional to the ship's speed and that may 
persist indefinitely if not identified and removed. The first error source—fix inaccuracy— 
does not lead to bias on large space scales, but does limit the horizontal resolution of the 
absolute current measurement. That can be a major problem in narrow, swift coastal 
currents. 

The biggest problem with future GPS accuracy is the deliberate degradation by 
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the US Department of Defence under their long-announced policy of Selective Availability 
(SA). This was begun in March 1990 and temporarily discontinued in August. It may be 
reimposed at any time. Civilian accuracy (using the CA code) gives a 95% confidence circle 
with a radius of about 40 m without SA or 100 m with it (Zachman, 1988.) Without SA, 
the 95% confidence level for ship velocity is therefore about 20 cm/s averaged between fixes 
5 minutes apar t , and 3 cm/s averaged over 30 minutes. For a given velocity accuracy, the 
required averaging time with SA increases by a factor of 2.5, so averaging for one hour gives 
an accuracy of 4 cm/s . Clearly, even with SA, fix accuracy is not a problem for measuring 
currents on large scales along a cruise track. Fix accuracy becomes a significant limitation 
for looking at horizontal scales of about 10 nm or less when the s h i p is underway at 10 
knots. 

The above estimates of velocity error due to GPS error do n o t take into account the 
sequential correlation of position errors; they are based on a whi te spectrum of position 
errors. In fact, a time series of GPS fixes from a stationary a n t e n n a is nonstationary 
and its spectrum is not white. Position errors can drift over a period of hours, jump 
abruptly when the constellation changes, or oscillate with periods as short as 4 seconds. 
The character of the errors changes from hour to hour and from day t o day; presumably some 
of this variability is caused by experimentation with SA and will diminish as the satellite 
constellation is completed and the system is declared operational. In any case, sequential 
correlation of fix errors reduces short-term velocity errors at the expense of longer-term 
errors. The ill effect of very high frequency oscillations, such as t h e 4-second oscillation 
observed in some receivers during the period of SA, can be el iminated by burst sampling 
and averaging over an integral number of oscillation periods. 

The last error source to be discussed here is the one that appears to place the most 
severe limits on the accuracy of volume transports calculated from A D C P sections and on 
the usefulness of the ADCP for referencing geostrophic sections: it is the error in the angle 
between the transducer axis and true north. In situ calibration me thods (Pollard and Read, 
1989; Joyce, 1989) can be used to calculate this error at various t imes , places, and headings. 
If the error were constant, there would be no limit on the accuracy with which it could be 
measured and corrected. Unfortunately, gyro compasses are not perfect, but can have 
errors in the range 0°-2°. One of these errors, the Schuler oscillation, is well understood 
and usually relatively harmless; it is a heavily damped oscillation of 84-minute period 
excited primarily by meridional accelerations. Another error source is the transmission 
of the heading from the compass to the ADCP, usually via a synchro control t ransmit ter 
and a synchro-to-digital converter. This error can be measured at t h e dock by slewing the 
compass. With good components it should be minimal, 0.1°-0.2°. (This level of accuracy 
has been verified on the Moana Wave.) Remaining errors are said by Sperry personnel 
(Robin Congdon, personal communication) to be less than 0.2°, b u t ADCP calibrations 
obtained on several Moana Wave cruises indicate that the compass e r ror can shift by about 
a degree over periods of a few days to a month. (See also Section 7..) Such drifts have been 
observed via star sights also on the R / V Franklin and on the Discovery (Pollard and Read, 
1989^ 
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9 . 3 C a l i b r a t i o n a c c u r a c y 

A calibration point can be obtained whenever the ship's velocity changes substan-
tially during good GPS coverage. With nearly continuous GPS coverage, this means we 
can anticipate two calibration points per CTD station, or 6 per day with a typical W O C E 
schedule of 3 stations per day. Experience on several cruises has shown that the standard 
deviation of the calibration points (without SA) was typically 0.8° in angle and 1.5% in am-
plitude. This means that to get a target calibration accuracy of 0.2° with 95% confidence 
required 64 calibration points, which could be obtained in 11 days. This can be shortened 
by getting additional calibration points between stations, at a cost of about 15 minutes of 
ship time per pair of calibration points (which would not be independent, and so perhaps 
should be treated as a single point). 

The s tandard deviation of the calibration points is determined by fix errors, by short-
period variability in the compass (for the angle error) and the A D C P scale factor (for the 
amplitude factor error), and by spatial and temporal variations in the ocean reference layer 
velocity along the ship's track during each calibration maneuver. Although I have not 
studied this thoroughly, it appears that the main contributors are usually the fix error and 
the ocean variability, and that the latter is probably dominant for GPS fixes without SA. 
With SA in effect, the standard deviation of the calibration points would be at most doubled; 
this would happen if ocean variability were negligible and if fix errors were uncorrelated 
over 5-10-minute intervals. The number of calibration points required for a given level of 
accuracy would then be increased fourfold. Fortunately, much of the time the SA errors have 
a decorrelation time scale considerably longer than 10 minutes (although some receivers are 
subject to very high frequency oscillations in calculated position). Still, the effect of SA 
on calibration may be more disturbing than its direct reduction of accuracy in calculating 
absolute currents along a section. 

Calibration errors, whether of amplitude or of orientation relative to north, cause 
absolute velocity errors proportional to the ship's speed. Hence typical calibration errors 
are of little importance on station and of major importance underway. The average speed 
of a typical ship (e.g. the R / V Knorr) on a meridional line, such as the P16 leg from Tahiti 
to Hawaii, is about 4 kts with small-volume stations only, or 3 kts with large-volume work. 
The resulting error in zonal velocity from the target 0.2° calibration error is then only 0.7 
cm/s in the former case, and 0.5 cm/s in the latter. Heading uncertainty may be larger 
over periods shorter than the 11 days required for the 0.2° calibration, and the uncertainty 
in the cross-track velocity component will be correspondingly larger. 

The long-run solution to the orientation problem is likely to be the use of GPS 
carrier phase interferometry in place of the gyro compass to measure the ship's a t t i tude. 
In principle this should provide heading accuracy of about 0.1°, enormously simplifying 
the calibration problem and increasing the accuracy of the cross-track velocity component. 
This technique is under development, and I am optimistic tha t GPS heading measurements 
will be available to enhance ADCP accuracy for a significant fraction of the WHP. 
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9 . 4 S a m p l i n g 

Shipboard ADCPs do not successfully measure the velocity in each depth bin on 
every ping. Near the bottom of the profiling range, for example, t h e profiler may get a 
valid velocity in only half of the pings. Under adverse conditions, especially when a ship is 
steaming into head seas, the percentage of good pings may fall well below 100% even at the 
top of the profile. This can lead to a large bias in the ensemble-averaged velocity, because 
the loss of signal may be correlated with the ship's velocity and/or a t t i t u d e . On one ship I 
have worked with a bias of up to 1 m/s appeared when the ship s t eamed into heavy weather 
and the percent good pings at the top of the profile dropped to 50% o r less. This bias was 
in the direction the ship was steaming, indicating that pings were lo s t when the ship sped 
up and the signal returned when the ship slowed down. 

A Sources of G P S informat ion 

Many interesting and useful reprints of conference and seminar presentations are 
available from Magnavox Advanced Products and Systems Corporat ion, 2829 Maricopa St., 
Torrance, California, 90503, phone: (213) 618 1200. 

A variety of informative publications are sold by Navtech Seminars, Inc., 1900 N. 
Beauregard St., Suite 106, Alexandria, VA 22311, phone: (703) 931 0500. Among other 
things they have compiled a survey of available GPS receivers. I do n o t know how recently 
this has been updated, however, and the market is changing rapidly. 

For periodic updates on all facets of GPS technology and i t s applications, there is 
now a magazine dedicated to the subject: GPS Worlds published bimonthly by GPS World 
Corporation, and distributed free of charge to qualified individuals (which would probably 
include most people reading this). If you can't find a copy lying around, write to GPS 
World, Aster Publishing Corp., PO Box 10955, Eugene Oregon, 97440-9972, or phone (503) 
343 1200. 

GPS constellation status and general news can be obtained with a computer and 
modem by dialing into the public bulletin board of the US Naval Observatory. The number 
is (202) 653 1079. Use upper case only, and set your modem for 7 d a t a bits, 1 stop bit, even 
parity. 

Similar information plus almanac data can be obtained f rom the "Yuma" bulletin 
board operated by General Dynamics Services Company for the US A i r Force Space Systems 
Division. This board is easier to use than the Naval Observatory board and accepts upper 
and lower case, 8 da ta bits, 1 stop bit, no parity. The number is (505) 679 1525. 
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B T h e U H A D C P d a t a processing s y s t e m 

The University of Hawaii ADCP data processing system has been developed and 
used over several years. It has been used by several groups in addition to mine to process 
more than two ship-years of ADCP data. Some of this processing has been done at sea in 
near real time by people with no more than a few hours of training by my group. However, 
this required considerable time and effort by the new users; the system is large and its use 
involves many steps. A description of the system and an example of its use are given by 
Bahr et al. (1990). 

The software may be obtained from me by request: telemail to e . f i r ing/OMNET or 
Internet email to efiring@soest.hawaii.edu. The standard distribution package includes all 
source code, documentation, and a sample dataset illustrating all stages of processing. The 
source code is internally documented and external documents have been written for many 
of the major operations. These are now being assembled into a users manual that will 
describe all da ta processing procedures. 

B 1 H a r d w a r e 

The UH system is designed to run on a variety of machines s tar t ing with a simple PC-
compatible and including VAX-VMS and most UNIX machines. The reasons for specifying 
this degree of machine independence are: 

9 Hardware is changing rapidly, and one wants to be able to take advantage of improve-
ments as they occur, with minimal cost in software modification and maintenance. 

# Portable software can be used by more members of the community than can machine-
specific software; it can contribute to a pool of common software. 

e PC-compatibles are so cheap, ubiquitous, and physically portable that they can always 
be taken along when travelling or going to sea. With software that runs on a PC, one 
can always process da t a in near real time at sea. 

The minimal configuration for the UH system is a P C with 640K of RAM, a math 
coprocessor, and a 40-Mbyte hard disk. The system has been used extensively with such 
machines and also with Sun-3 and Sun-4 machines. A Postscript-compatible laser printer is 
recommended for plot output , although an HPGL plotter (laser is preferred, pen is usable) 
can also be used. 

B 2 U s e r i n t e r f a c e 

Most routines in the UH system are governed by ASCII control files tha t are designed 
for readability and therefore help document the processing of each d a t a set. All control files 
can contain unlimited comments; standard sample control files s tar t with a comment block 
tha t explains the parameters in the file and gives examples. Each parameter (or list) in a 

mailto:efiring@soest.hawaii.edu
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control file is preceeded by a descriptive key word, which identifies t he parameter to both the 
machine and the operator. Control files for complicated routines have optional parameters; 
when not needed for a particular operation they can be omitted, shortening and simplifying 
the file. 

Many routines also use intermediate ASCII data files tha t a r e also designed to be 
human-readable, with headers and comments. For example, files l i s t ing satellite fixes are 
edited, both mechanically and by hand, by prefixing the character as a comment 
indicator to lines with bad fixes that are to be ignored in future s teps. Additional comments 
can be used to explain why a fix was deemed bad. 

One commercial program is used as part of the UH system. Mat lab (by the Math-
Works, Inc.; available for the PC, 386-PC, Sun, Vax, and several others) provides easy 
plotting and interactive calculations. 

The first step in processing a new dataset with the UH s y s t e m is to run a batch 
file (or UNIX script) that builds a directory tree for the new d a t a s e t with subdirectories 
for each of the processing steps. These subdirectories are then filled automatically with 
example control files and Matlab program files ("m-files"). The ope ra to r need only copy his 
raw da ta files into the appropriate subdirectory, modify the sample control files as needed, 
and run the processing programs. 

B 3 D a t a b a s e 

A typical one-month cruise generates about 10 Mbytes of b ina ry ADCP data which 
include many variables, both scalars and arrays. The variables included in a dataset can 
change from one cruise to another. The size and complexity of A D C P datasets therefore 
warrant the use of a database system rather than a simple fixed f i le format. To fill this 
need, Ramon Cabrera, Julie Ran ad a, and I have developed C O D A S (Common Oceano-
graphic Data Access System): a set of machine-independent subrout ines for the storage 
and retrieval of oceanographic and other scientific data. It is designed for maximum stor-
age efficiency combined with fast random or sequential access. I t is flexible enough to 
comfortably accommodate data from a wide variety of instruments, such as the Acoustic 
Doppler Current Profiler (ADCP), the CTD, current meter moorings, and pressure gauges, 
together with auxiliary observations and instrument configuration parameters . 

CODAS is hierarchical. Data are organized into profiles, each of which may consist 
of several arrays (for example, one for each of three velocity components) and other da ta 
(flags, da ta collection parameters, notes, etc.) Profiles are collected together in blocks, each 
of which is an independent, self-describing unit of data. The internal description of each 
variable in a block includes the name, units, and scale factors. A profile is located within 
a block via a profile directory that is part of the block. Blocks are catalogued in a block 
directory. 

A CODAS database contains only two kinds of files: a set of d a t a block files, and a 
single block directory file. The data block files are independent un i t s and contain all the 
information required to make a block directory file. Hence, data blocks from different sources 
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can be combined into a working database by running a utility program that generates a 
new block directory file. 

CODAS was written in C with care taken to make it portable among modern ma-
chines. It has been used on IBM PC-compatibles, a VAX 750, an Alliant, and Sun worksta-
tions. Data blocks are normally stored in the binary format of the machine on which they 
were created or are actively being used. When moved to another machine and assembled 
into a new database, they are automatically translated to the new binary format if necessary 
(as in going from a P C to a Sun, for example). 

Storage space is minimized. The user is free to use 1, 2, or 4 byte integers, floating 
point , double precision, or ASCII. However, use of the most compact format for each variable 
is encouraged, because the system (optionally) automatically converts and scales array data 
from any number format to floating point when reading, and the reverse when writing. 
Storage space is allocated as needed when the da ta are stored; there is no need to waste 
space by specifying fixed array lengths, for example. The extensive directory s t ructure adds 
only a few percent of storage overhead. 

B 4 E d i t i n g 

The premises behind the UH editing system are; 

• Because of the volume of ADCP data , automated scanning for possible problems is 
essential. 

a We do not yet know enough to design a purely automated editing system; an operator 
must be able to review the results of the scanning and decide exactly how the editing 
should proceed. 

• Because editing is sometimes done iteratively, and one might sometimes want to undo 
a step, the eventual changes to the database should be kept to a minimum and should 
be reversible where possible. 

a The editing process should be self-documenting. 

The main problems to be removed by editing are usually limited to interference from 
the bot tom reflection in shallow water, interference from the hydrographic wire during CTD 
stations, and diminishing accuracy at the bottom of the profile. With a poor installation 
or a poor choice of setup parameters, it may also be necessary to reject da t a from the top 
depth bin(s). 

In the UH system, suspect profiles or bin ranges are identified primarily by running 
a program ("FLAG") that tests each profile in a given time range for several conditions 
and writes an ASCII file listing cases in which user-specified thresholds are exceeded. The 
variables being checked include error velocity, the variance in the vertical of the vertical 
velocity component, the signal strength, and the second vertical difference of each of the 
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velocity components. Large values of the error velocity coinciding with large second dif-
ferences in the vertical velocity component and in at least one of t h e horizontal velocity 
components indicate interference by something like a hydrographic wire. On the Moana 
Wave, for example, this occurs occasionally during CTD stations, is usually confined to 
a few depth bins among the top ten, and is usually quite sub t le—the horizontal velocity 
component glitches are typically only 5-10 cm/s. A local maximum of the signal amplitude 
indicates either a scattering layer or the bottom, when the bo t tom is deeper than about 
30 m. When the bot tom is very shallow it does not cause an ampl i tude maximum, but it 
usually leads to high variance in the vertical velocity profile, hence o u r use of this statistic. 

After running the FLAG program, one normally uses Matlab t o look at sequences of 
profiles ("stagger plots") tha t are suspect, to make a final decision a b o u t what to edit. In 
many cases the output of the FLAG program can be used with little modification to control 
the programs that modify the database; in other cases a difficult judgement must be made. 

Once the decisions have been made, editing is done on the da t abase . In the case of 
bottom interference, the appropriate portions of the FLAG output file are used to specify 
the last bin of each profile for which velocity data will be considered valid, and this bin 
number is recorded in the database with each profile. If there is a problem in the top depth 
bins, caused, for example, by inadequate blanking interval or by ringing of the transducer 
installation, then the first bin of the profile for which the da ta axe acceptable may be 
recorded with each profile. Otherwise, by default this is bin 1. When the velocity in 
individual bins is judged bad, a file listing these bad bins is used to control a program that 
sets the appropriate bits in an array of flag bytes. (This is a recent improvement in the 
system. Previously we set the actual velocity values themselves to a bad flag value.) 

Additional editing is normally done when the data are accessed. Typically one 
specifies a percent-good criterion, and the access program flags as bad any velocities for 
which the recorded percent-good is below the threshold. We usually use 30%. 

Although our editing system is quite thorough, flexible, and effective, it can also be 
confusing and difficult to use; we plaji major improvements. 

B 5 C a l i b r a t i o n 

Routines are available for both the bottom-track and the acceleration method of 
determining the calibration factors. For the bottom track method t h e user must select the 
time ranges with continuous bottom track and navigation data. An interactive Mat lab rou-
tine is then used to edit the navigation data and write the least-squares, best-fit calibration 
factors to a file. For the acceleration calibration method, a program automatically selects 
the accelerations for which GPS data are available nd calculates t h e calibration factor for 
each acceleration. This is written to a file along wiia quality stat ist ics. This file is input to 
a Matlab routine which edits, plots, and writes out a statistical summary. 
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B 6 N a v i g a t i o n 

Position fixes, GPS or Transit, are automatically screened and merged by an editing 
program. Rejected fixes are simply commented in the file, so t ha t they can be manually 
reinserted if desired. Additional manual editing is also done, in an iterative fashion, by 
commenting out questionable fixes. 

Calculation of absolute velocity profiles involves the intermediate calculation of the 
absolute velocity of a reference layer (we use bins 5 to 20, about 50-170 m) in the usual 
way (e.g., Kosro, 1985; Wilson and Leetmaa, 1988). Averaged between fixes, the velocity 
of the reference layer is just the difference between the velocity of the ship over the ground, 
determined from the fixes, and the velocity of the ship relative to the reference layer, from 
the AD CP profiles. This initial estimate of the reference layer velocity, which is constant 
between fixes, is then smoothed by convolution with a Blackman window function w{t) 
(Blackman and Tukey, 1958) of width T , 

w(t) = 0.42 — Q.5cos{2Trt/T) -f 0.08cos(47ri/T). 

Since the function being filtered is piecewise constant , the convolution can be evaluated ef-
ficiently by analytic integration over each constant piece. The choice of filter width depends 
on the characteristics of the data: the quality of the fixes and the expected ampli tude and 
time scales of the currents being surveyed. When GPS is good and there are small-scale 
current features of interest, T might be as short as 15 minutes. In the worst case of poor 
Transit quality and no GPS, T can be up to 12 hours. 

Our method of smoothing the reference layer velocity is probably not optimal in 
many cases; its main virtue is simplicity. The biggest problem is tha t it does not take into 
account nonuniform motion of the ship; smoothing is done in the time domain only. In a 
region of large spatial current gradients, this guarantees errors when the ship changes course 
or stops for a station. Usually this error has little effect on the outcome of d a t a analysis. 
The problem is likely to be worst, and hardest to fix with a simple algorithm, when the 
ship reverses course in a region of large along-track gradient of the cross-track current—for 
example, when approaching a coast along which flows a western boundary current. Time-
domain smoothing of the reference layer velocity then causes a systematic underest imate of 
the maximum speed of the current. 

Estimates of reference layer velocity as a function of time are plotted routinely (using 
Matlab) in 2-day intervals along with the ship's position. This reveals outlying fixes or 
intervals of bad GPS that have to be edited out, and also helps one choose a smoothing 
filter width. The plots resulting from the final i teration of this process serve to document 
some important aspects of the ADCP da ta set: the spatial coverage, the quanti ty and 
quality of position fixes, and the degree to which ma jo r current features have been resolved 
by the smoothed reference layer estimate. 

The smoothed estimate of the reference layer velocity over the ground is added to 
the velocity of the ship relative to the reference layer to give the final estimate of the ship's 
velocity, which is then integrated over each interval of nearly continuous A D C P da ta and fit 
to the ensemble of position fixes within the interval to generate the ship's track. The ship's 
position and velocity for each profile are written back to the ADCP database. We could add 
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the ship's velocity to the velocity profile and store the resulting es t imated absolute profile, 
but for the present we choose instead to do this calculation as needed when plotting and 
analyzing the data. 

B 7 G r i d d i n g a n d p l o t t i n g 

ADCP profiles typically give velocity estimates at nominal 8-m intervals in the verti-
cal. We use nearby CTD profiles, when available, to correct these d e p t h s for the difference 
between nominal and true sound speed. Additionally, the profiles a r e interpolated to any 
user-specified grid in depth or density coordinates. The interpolation c a n be done using inte-
gration to reduce aliasing and to give an average velocity over a given layer. The integrated 
velocity is also available for use in transport calculations. 

In the horizontal, one typically wants to average profiles in la t i tude or longitude 
bins. The approach taken by the UH system involves two steps. F i r s t , a program searches 
the database to find the time ranges corresponding to user-specified lati tude-longitude grid. 
Second, these time ranges (edited or modified if necessary) are used to control the da ta 
access and averaging process. Additionally one may specify the use o f only underway data 
or only on-station data . Another option is to calculate transport by integrat ing horizontally. 

Standard plots for viewing the da ta are of two types: vector maps and contoured 
sections. For the former we use Matlab or a custom vector mapping p rogram. For contouring 
we use a dedicated contour program. The vector and contour programs, unlike the rest of 
the processing system, have not yet been adapted and compiled on a PC; we usually run 
them on a Sun workstation with hardcopy from a Postscript printer. 

C T h e U H "user exit" program 

The main functions of MAG1157, the University of Hawaii "user exit" program, are: 

1. Provide the best available position and absolute ship's velocity estimates to the RDI 
DAS for recording and for use in the real-time display. 

2. Record all transit fixes with quality information. Record the P C clock time when 
the transit fix time mark is received, for correction of the A D C P profile time in post 
processing. 

3. Record GPS fixes with quality information at the end of each ensemble. 

4. Permit the calculation of the absolute velocity of a reference layer twice per ensemble; 
this requires recording GPS fixes at the beginning, middle, and end of the ensemble, 
and averaging the reference layer velocity over each half of the ensemble. 

5. Allow the ADCP to serve as the speed log for the satellite navigator; once per ping, 
transmit a message containing the velocity of the ship relative t o a reference layer. 
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6. Send all da ta recorded by the DAS out over a serial port to be recorded by another 
computer. This duplicates a DAS function, but unlike the DAS, MAG1157 neither 
adds ex t ra characters to the transmitted da ta s tructures nor delays the s tar t of the 
next ensemble while transmitt ing the data. 

MAG 1157 communicates with the 1100 series navigators through the bidirectional port A 
by sending and receiving the Magnavox proprietary message formats. For example, quality 
messages and GPS fixes must be requested when needed; Transit t ime marks and fixes 
are t ransmit ted by the navigator as soon as they are complete, without being requested. 
Additional GPS information may be received from the 1100 series' unidirectional port B, 
which should be set to send message "option 1" once per second. This permits MAGI 157 to 
average groups of 4, 8, or 16 fixes, so as to eliminate aliasing of the 4-second-period position 
oscillations tha t often occur. 

Because GPS fix accuracy does not depend on information about the ship's velocity, 
there is no real need to send speed log information to a GPS-only receiver, unless one wants 
the receiver to dead-reckon during gaps in GPS coverage. 

D Transit satellite navigation 

If at all possible, Transit fixes should be obtained with a dual-channel receiver such 
as the Magnavox 1107 or 1157. Dual-channel accuracy can be similar to GPS with Selective 
Availability (SA; the deliberate degradation of civilian GPS). Single-channel accuracy is 
several times worse. The accuracy of Transit fixes depends critically on the accuracy of the 
ship's meridional velocity component used to calculate the fix, so using the A D C P as the 
speed log for the navigator can result in much more accurate fixes t han would be obtained 
otherwise. The receiver should be set to calculate set and drift from the satellite fixes plus 
the ADCP velocity (2-axis speed log) input and gyrocompass heading. Omega navigation, 
if present, should usually be ignored, and in particular should not be used to calculate ship's 
velocity or set and drift for the Transit fix calculation. 

All Transit fixes should be recorded, along with the primary quality information: 
satellite number, elevation, Doppler counts, and iterations. Fixes can then be mechanically 
edited if the satellite elevation was too low (less than 7° or so) or too high (above 70°), if 
the iterations exceeded 3 (indicating some inconsistency in the data) , and if the Doppler 
counts were fewer than about 20 (indicating that interference between satellites or some 
other factor caused incomplete da ta collection.) 
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