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Abstract.

Photosynthetically Active Radiation (PAR) has been measured at two buoys at Halibut Bank and Saanich Inlet on the west coast since 1998.  Data appear to be of good quality, subject to effects of tilting of the buoys.  Long-term sensor drift appears to be on the order of a few percent.  Measurements are used to give mean PAR, hours of sunshine and estimates of clear sky absorption.  Information can be extracted on different time scales for study of weekly, seasonal and interannual variations in PAR.  Data also show differences between sites.  Environment Canada is now evaluating the costs and benefits of expanding the measurements to cover more sites, possibly the entire network of 17 weather buoys on the west coast.

Introduction.

PAR (Photosynthetically Active Radiation) is the incoming sun and skylight in the spectral range 400 to 700 nm (that is, visible light only) whose photons are suitable for stimulating the photo-chemical first step in photosynthesis.  Over the ocean, this measurement is used as input to models of phytoplankton growth in primary productivity for fisheries, marine ecology and plankton bloom studies.  Data over land will have similar applications for crops, forests and range-land.  Each photon can stimulate one molecule, so the required measurement is the number of photons in this wave band per area per second.  The number is large, and for convenience is expressed in moles, that is units of the Avogadro number 6.025 X 10^23.  The spectral response of the sensor is designed to have a slope across the 400 to 700 nm band to compensate for the fact that the 400 nm photons are 7/4 times more energetic those at 700 nm.

Solar irradiance (PAR) has been measured on two buoys: on Halibut Bank in Georgia Strait (49.3394 N, 123.7300 W) since May 13 1998 and off Pat Bay in Saanich Inlet (48.6568 N, 123.4832 W) since November 28 1998.  Data are still being collected hourly at these two locations.  An additional 4 months of data (December 1997 to April 1998) from the test location on Constance Bank south of Victoria was also collected.

Present measurements are averages of data collected in 3 time windows, spaced about 20 minutes apart through the hourly data cycle. The centres of the time windows occur 19.0 and 0.5 minutes before the time with which the data is tagged, and 17.0 minutes after it.  The mean time of each measurement is therefore 0.833 minutes earlier than the tag time.  Sixty values are recorded in each time window, and the mean and standard deviation of all 180 measurements collected each hour are reported.  

Raw sensor data

Plots of raw data in the range of 0 to 5000 counts (mV) from the two locations are shown in Figures 1 and 2.  The  dark reading collected at the previous midnight is subtracted from all counts.  The points show the seasonal annual cycle as the envelope of a cloud of points whose vertical locations are determined by a combination of the daily cycle and the changing cloud cover.  Some data gaps can be seen, especially a major gap from Jan 28 to Feb 18 1999 at Halibut Bank which was due to failure of the buoy electronics.  Other missed data may be recoverable.  There is also a problem of saturation at the Halibut Bank location on the brightest summer days.  A problem of dark signal drift over a range of about 50 counts is discussed below.

The two Li 190SA sensors were calibrated by the makers, LICOR, in 1996 at the time of manufacture. Unit Q21796 at Halibut Bank, was calibrated at 187.62 (mol/sec/m2/(A for its low current output.  This is converted to a voltage at 1.9395 (A/volt in the buoy.  At Saanich Inlet the unit is Q21729, calibrated at 180.83 (mol/s/m2 per (A.  A larger conversion value of 2.078 (A/volt was applied on the buoy to avoid saturation at the maximum 5000 counts (=5000 mVolts) as seen in Figure 1.

Comparison with theoretical PAR

The solar PAR "constant" P (PAR at vertical incidence above the atmosphere for mean sun/earth distance) is 2445 micromole/m2/s (Frouin et al., 1989).  This can be calculated as follows.  In the PAR range (400-700 nm) the extraterrestrial solar irradiance (for a mean earth-sun distance) is 531.2 W/m2.  There are approximately 2.77 1018 quanta/s per Watt in the PAR interval.  This varies with the actual spectrum of the light, but is determined experimentally above the surface, accurate to a few percent regardless of meteorological conditions (Morel and Smith, 1974, Kirk, 1995).  There are 6.02 1023 quanta per mole.  The 531.2 W/m2 therefore translates into 531.2*2.77 1018/6.02 1023 = 2.445 10-3 mole/m^2/s or 2445 micromole/m2/s.

This is the maximum possible PAR value for vertical sun, no absorption or scattering by the atmosphere, with the sun at its mean distance.  Given the position of the buoy, the elevation of the sun can be calculated at the time of each measurement.  The calculation allows for time of day, the changing declination of the sun, and the "equation of time," expressing shifts due to the eccentricity of the sun's orbit.  The changing distance of the sun causes PAR to change by a factor E, in the range + 3.5%.  For clear sky conditions, the measured PAR should then be proportional to the sine of the sun's elevation multiplied by this factor , that is E sin(S).  Clouds will reduce the measured PAR to below this value.  A cloud-free atmosphere will also absorb the PAR signal, with the absorption increasing at lower sun elevations according to exp(-K/sin(S)), where K represents the absorption in a single vertical passage through the atmosphere.  The expected PAR value is then:

P E sin(S) exp(-K/sin(S))

(1)

A suggested value for K is 0.085 per unit air mass in clear sky conditions, with maritime aerosols and a 23-km visibility (Frouin et al., 1989).  The seasonal variation of ozone concentration (Frouin, 1989) will cause a variation of about 1% between early spring and late summer, which are the seasons of maximum and minimum ozone, respectively.

Figures 3 and 4 show all measured calibrated data points plotted against the term E sin(S) in the range -0.1 to 0.9.  Values below zero correspond to the centre of the sun's disk being below the horizon.  The solid line represents the model given by equation 1.  This line should represent the maximum value of PAR at all values of E sin(S).  Occasional higher points may be due to tilting of the buoy, which can increase the apparent elevation of the sun.  Errors due to tilting by wave action are minimized by averaging readings collected at one second intervals over periods of a minute. Sea-lions resting on the buoys have produced measured tilts of up to 5 degrees which last for longer periods, the effect of which are therefore not reduced by this averaging.

In both figures the model line tends to move above the cloud of points at higher sun elevations, suggesting small calibration errors in both cases.  The fact that the line follows the envelope at low sun elevations suggests that average clear sky absorption may actually be lower than that suggested by Frouin et al..  Best-fit values of P and K for the two sites were 2200 and 0.06 in Saanich inlet, and 2270 and 0.05 on Halibut Bank, suggesting calibration errors of 9% at Saanich Inlet and 7% at Halibut Bank, a 2% difference in calibration, with the Halibut Bank sensor more sensitive.  

Comparison of the two sites

The seasonal cycles of average PAR with the manufacturer's calibrations are shown in Figure 5 for the two buoys.  These show the averages of all monthly values for each month.  Winter PAR is reduced by the short day length as well as by the low sun elevations.  It is increased slightly by the shorter distance to the sun during the northern-hemisphere winter.  June (and to a lesser extent, May and July) PAR values at Halibut Bank  are reduced by the saturation shown in Figure 1.

Figure 6 shows the same comparison between the monthly values from the two buoys as a scatter plot.  The slope of the best fit line is 1.068, representing a 7% difference between the two sets of measurements.  This is larger than the 2% difference found in their relative calibration above, showing that the Halibut Bank site experiences an average of 5% more PAR in all months than the Saanich Inlet site, even though it is 0.7 degrees further north.  The 7% factor shows no obvious seasonal cycle (Figure 7), suggesting a calibration difference rather than a difference in properties of the sites, but other properties of the PAR measurements suggest that Halibut Bank does experience a higher level of PAR.  The spike in Figure 7 for February 1999 is explained by the missing data for the first two thirds of that month, which raises the monthly average.  The dip in May, June, July 1999 is explained by the saturation, but a similar effect is not apparent in 2000.

The distributions of measured PAR values, expressed as a ratio to the model clear sky values, are shown for the two buoys in Figure 8.  These distributions include all measurements for which E sin(S) was greater than 0.1 (sun elevation greater than about 6 degrees).  The best-fit values of P and K for each buoy (given above) were used in deriving this Figure.  The best fits are chosen to set the "clear sky" peaks close to 1.0 and to minimise their widths.  The distribution of the factors by which cloud reduces PAR is seen to be relatively flat, and to extend down to a factor 0.1, when heavy cloud reduces PAR by a factor 10.  The distribution for Halibut Bank shows significantly fewer cloudy days.

Ratio values greater than 0.9 can be taken as corresponding to periods of sunshine.  The numbers of such hours, expressed as a percentage of hours with E sin(S) greater than 0.1, are shown for each month for both buoys in Figure 9.  Halibut Bank appears to be the sunnier location.  

Atmospheric absorption

Use of the theoretical P=2445 with a higher K as recommended by Frouin gives a significantly poorer fit to the data.  In what follows we assume constant calibration errors for the two sensors (P values as above), and fit clear-sky radiances of each month by varying the (single air-mass) atmospheric absorption.   All data having sun elevations above 6 degrees are used as a compromise between excluding the lowest elevations when errors due to tilting of the buoy will have a severe effect, while preserving elevations low enough for absorption effects to be significantly increased.  Such fits tend to be better during the spring and summer when more clear-sky days are available.  The fit is expressed in terms of the correlation between the observed PAR ratio distribution for each month and a smoothed form of the distributions shown in Figure for each buoy.  This gives maximum correlations during the summer of 0.9, which drop to half this when the clear sky absorption is varied by about 0.03 from the best-fit value.  Estimated accuracy in determining the absorption is + .01.  In winter peak correlation values drop to about 0.4, and the error increases to about + .02.

Figures 10 a and b show the monthly time series of mean atmospheric absorption.  Average values are close to 0.05 at Halibut Bank and 0.06 in Saanich Inlet, as noted above.  The increasing trend in Saanich Inlet may indicate a long-term sensor drift, with sensitivity decreasing by about 0.01 per year.  The Halibut Bank data shows no such trend.  The seasonal cycle of expected absorption due to ozone, using climatological concentrations for this latitude are also plotted.  There is some suggestion of an annual cycle in the data with the same phase, but larger amplitude.

Sensor stability

The long-term stability of the measurements can be assessed in the two cases by taking the best average absorption found above and finding the best-fit P value for each month. In this case only data having sun elevations above 15 degrees are used, since higher elevations should give the more precise indications of a change in instrument sensitivity.  Peak correlations are again near 0.9 in the summer, dropping to below 0.4 in winter. In summer, correlations drop to half the peak value when P is varied by about 60 micromole/m2/s from the best fit value.  Position of the peak is determined by eye to within + 10 micromole/m2/s.  In winter peaks are lower, wider or multiple. Figure 11a and b show the resulting best fit values for P, with the approximate variation expected for the climatological ozone variation, as before.  The results are similar to Figure 10, with increases in absorption now showing as decreases in P.  Again, the plots suggest a possible decrease in sensitivity by about 1.5% per year in Saanich Inlet, and 0.5% per year at Halibut Bank.  The reduction in sensitivity by about 2% seen over both summers at Halibut Bank may indicate a build-up of salt or other absorber, which is washed off by winter rains.  No evidence of such fouling has been seen on visits to the local buoy in Saanich Inlet.  The sensor on this buoy was cleaned on several occasions during the summer, which may explain why no similar signal reduction is seen.  

Prospects for extending the measurements

The effects of tilting of the sensors will be more severe at other locations in the network, which are almost all exposed to ocean waves.  Tilt angles in response to different levels of Significant Wave Height (SWH) have been measured for the standard 3-meter buoys, but no tilt sensor is included in the standard sensor configuration.  A report on US buoys (Gilhousen, 1987, pers. comm.) shows tilts rising to 6 degrees rms at SWH = 3 m, then much more slowly to 10 degrees rms at SWH=13 m.  On the Saanich Inlet buoy, a tilt sensor has been included as part of an acoustic profiler.  Analysis of these data for September to December 1999 shows rms tilts in one coordinate up to 5 degrees, with a best-fit relation to SWH of 6 degrees per meter over the range 0.1 to 0.8 meters, the maximum observed.  We know that sea lions were also tilting the buoy in this period.  Exposed buoys experience much greater wave heights, but longer wavelengths expected in open waters may be less steep, giving less tilt per unit wave height.

Present measurements suffer from a small amount of shading, since the sensor is not the highest on the buoy.  The sensors can probably not be mounted higher, since this might affect other, operational measurements.  One option would be to mount two sensors and always use the larger value.  A comparison of the two sensors would then give some added quality control.

Present measurements are averages of data collected in 3 time windows, spaced about 20 minutes apart through the hourly data cycle.  Both a mean and a standard deviation are reported.  In future it would probably be better to record the 3 mean values separately.  This would give a clearer indication the "clear-sky" values, either un-shadowed or taken in gaps between clouds. 

There appears to be some instability in the dark signal over a range of about 10 counts at Halibut Bank and 50 counts at Saanich Inlet (Figure 12a and b).  If the instability results in sudden changes, this could cause errors up to 0.2 and 1% of the full scale value at Halibut Bank and Saanich Inlet, and could lead to significant errors at low PAR.  In most cases the levels are slowly varying, so that use of a dark reading at the previous midnight reduces the error to one or two counts.  The sensors give low current analog outputs, and it is possible that moisture in the non-waterproof wiring and connectors causes variable leakage.  It should be possible to cure this problem.

Sensors having wider spectral responses could be used to measure total incident solar radiation in the band 300 to 2,400 nm, and net long-wave radiation which requires up and down looking thermal sensors.  Sensors for these measurements are more expensive and require more maintenance.  Their data are required for accurate modelling of ocean temperatures.

Conclusions

The PAR sensors are relatively low cost and the data have high potential value.  The present sensors appear stable enough that long-term drift can be corrected using the data values themselves in comparison to a PAR model.  Copies of the existing data are being distributed for comment.  It appears that the mean PAR values can be used to derive the time and space variations of PAR needed for biological modelling.  It is recommended that the PAR data network should be expanded.
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