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Measurements of the chemical composition of seawater oller a 
time scale of years at a fixed point in the ocean below the main 
thermocline halle not been prelliously reported because of nalliga
tional limitations, ship and hydrowire instability, and, to a large 
extent, cost. The deep-water pipeline at the Natural Energy 
Laboratory of Hawaii at Keahole Point (Fig. la) prollides a unique 
opportunity to address the question of time-l'8rying water composi
tion at a fixed site in the ocean below the mixed layer. In this 
study we examine the composition of sub-thermocline seawater 
through weekly sampling (surface-water data are also al'8i1able, 
but are not discussed here). The mean deep-water composition 
obtained oller about fille years is representatille of regional mean
water composition, and significant l'8riation in water composition 
is obsened on time scales exceeding one year. This unexpected 
long-term l'8riation probably represents cyclic displacement of 
deep water masses in response to l'8riation in the regional ocean 
circulation. 

The most detailed long-term record of seawater chemistry 
known to the authors is the Panulirus Station'S' data set, 
collected by the Bermuda Biological Station from south of 
Bermuda at monthly intervals from 1952 to the present l

. 

Although this record has proved valuable in many oceano
graphic studies, horizontal sampling locations are known only 
within kilometres, and depths are inferred from reversing ther
mometer data. In contrast, the National Energy Laboratory of 
Hawaii (NELH) has pumped sub-thermocline water virtually 
without interruption since mid-1982 through a pipe with an 
intake depth of 586 m, as part of an ocean-thermal energy 
conversion (OTEC) and aquaculture test facility (Fig. Ib). The 
intake of the pipe is located 25 ± 5 m above the rocky sea floor, 
and is 1,700 m offshore. The composition of this water has been 
measured roughly every week over that period, and additional 
shorter-term experiments have examined water composition 
over periods ranging from hours to 50 days. The present paper 
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uses data from weekly samples collected between August 1982 
and December 1987. 

This paper addresses two primary questions. First, does the 
water composition obtained from the pumped seawater reflect 
the mean water composition in the region of the Hawaiian 
Islands? We will demonstrate that Keahole mean water composi
tion closely matches the composition of open-ocean water in 
the Hawaiian region. This result will allow examination of the 
second question: what, if any, long-term trends occur in water 
composition at the base of the thermocline in the North Pacific 
Gyre? 

The details of the analytical methods and spectral analyses 
which we have used here are described in a separate report on 
the short-term cyclic variations of the pumped seawater 
chemistry2. This latter study observed significant, coherent perio
dicity in water composition ranging from -6 h to 125 h. This 
short-term variability is interpreted as being due to vertical 
displacement of the water column by internal tidal oscillations, 
island-trapped waves and, possibly, remote meteorological 
forcing. 

Table 1 summarizes the mean long-term data for temperature, 
salinity, and each of the inorganic plant nutrients commonly 
measured in hydrographic profiles. To filter high-frequency 
oscillations observed in the short-term study from the long-term 
trends, we have averaged the Keahole Point weekly data with 
an II-point triangular running-mean filter. This filter is sufficient 
to remove signals with periods up to -2.5 months-about the 
time scale of mesoscale eddies observed in Hawaiian waters3,4. 

Two main observations emerge from the inter-site comparison 
in Table 1. First, the mean salinity and nutrient concentrations 
at Keahole Point do not differ significantly from the means for 
the nearby sites; these sites range from being questionably 
influenced by effects arising from the proximity of the Hawaiian 
islands5 (the two OTEC sites, within -10 km of shore), to being 
well removed from any 'island mass' effect (Honolulu-to-Tahiti 
Shuttle and GEOSECS 235, 200-500 km from shore). 
GEOSECS station 212, 1,100 k.m north of Keahole Point, does 
not resemble the Keahole station in water composition, nor does 
it resemble the other tabulated sites. Because Keahole so closely 
resembles the other stations listed, it is likely that the discrepancy 
with respect to GEOSECS 212 represents a regional change 
between locations 1,500 k.m apart, rather than a local 'island 
mass' effect at Keahole Point. 

The second important observation from these data concerns 
the variability in water composition observed at Keahole Point. 
The weekly data were filtered as described above before the 
tabulated standard deviations were calculated. Therefore, the 
variation reported in Table 1 cannot be explained by high
frequency oscillations in the water. We conclude that mean 
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Fig. 1 a, Location map of the 'main Hawaiian Islands, showing the Keahole Point, Hawaii OTEC and Oahu OTEC sampling sites I3,'4,
 

Hawaii-Tahiti Shuttle (HTSr, and GEOSECS stations 212 and 235 12
. b, Cross-section, showing the configuration of the intake pipe at Keahole
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Table 1 Comparison of the mean Keahole deep-water temperature, salinity and nutrient data with other data sources 

Hawaii OTEC Oahu OTEC 
Keahole 453 m 679 m 456 m 679 m GEOSECS 235 GEOSECS 212 HTS 
586m [586m] [586 m] 598 m 570m 590m 

Temperature (OC) 9.4±0.6 7.4 5.3 7.3 5.0 6.3 6.6 6.0 
[6.1] [6.0] 

Salinity (%0) 34.30±0.02 34.18 34.39 34.15 34.38 34.46 34.01 34.30 
[34.30] [34.28] 

Nitrate (j.l.M) 39.0±0.8 33.5 41.9 30.9 39.1 41.3 29.5 37.0 
[38.4] [35.7] 

Phosphate (j.l.M) 2.95 ±0.05 2.52 3.13 2.28 2.94 2.86 2.14 2.9 
[2.88] [2.66] 

Silicate (j.l.M) 74.4± 2.7 57.2 93.0 53.0 89.9 73.1 54.5 75.0 
[78.3] [74.5] 

Keahole data are mean values ±I s.d. for weekly samples collected between 1982 and 1987. Note that the standard deviations are based on the 
filtered data, not the original data. Temperature data at Keahole Point are measured in the laboratory and are not representative of the ocean at 
the pumping depth because water warms in the pipe as a function of both flow rate (which is variable) and temperature of the mixed layer (which 
varies over an annual cycle). Short-term records from local hydrocasts and submersible dives indicate that the water temperature near the intake 
is -6°C, close to that of the offshore stations. Bracketed values listed under the OTEC site data represent linear interpolations of the data to 586 m. 
Locations and citations for the comparison sampling sites are given in Fig. la. 

water composition at Keahole Point is representative of oceanic 
water composition near the base of the thermocline in the 
Hawaiian region, and that the observed variability is associated 
with some long-term variation in regional mean water composi
tion at this specific site within the North Pacific Subtropical 
Gyre. 

Figure 2a-d shows the filtered long-term records for salinity 
and each of the nutrients. The patterns which emerge indicate 
that there are long-term trends in water composition, and that 
the main trend is longer than annual. In particular, a decrease 
is observed in nutrient concentrations during 1983 and 1984, 
followed by a general increase since that time. In addition, we 
can compare the observed trend to the monthly mean sea level 
at Honolulu (K. Wyrtki, personal communication; Fig. 2e), a 
significant variable which is analytically independent of the 
Keahole record of water composition. Note that the period of 
elevated sea level near the end of 1984 coincides with the 
minimum in the nutrient records. 

In addition to the inter-annual variation, annual periodicity 
is apparent in all the records, especially in the concentration of 
silica and in sea level. It is least apparent in the salinity record, 
which has the smallest signal. The annual variation is manifest 
throughout the observation interval, except during the major 
decrease and recovery in the nutrient concentrations (1983 to 
early 1985). 

Spectral analysis of the non-filtered weekly data from 3 August 
1982 to 24 March 1987 yielded two major results. First, sig
nificant coherence at the 95% confidence level was observed 
among the nutrients and salinity, typically at periods of 1-2 
months and at periods of 1 yr and longer (the record length was 
not long enough to distinguish the annual period from longer
period harmonics). Thus, the nutrients seem to be good water 
mass tracers at this depth. Second, sea level at Honolulu corre
lated with the nutrients and salinity at periods of 1 yr and longer. 
This was more prominently seen in the sea level/silica and sea 
level/nitrate coherences because of the larger signal-to-noise 
ratios of the silica and nitrate records. Sea level at Honolulu 

has been shown to be an indicator of the currents offshore6 
; we 

therefore suggest that long-term variation in the ocean circula
tion may be responsible for the observed annual and interannual 
changes in the water chemistry (see below). 

Twice the standard deviation in Keahole composition divided 
by the vertical composition gradients near 600 m is a rough 
measure of the vertical displacement which could account for 
the observed variation in composition. To make this calculation 
we use data from Wyrtki and Kilonski. It can be seen in Table 
2 that vertical displacements of - 50-70 m would be enough to 
account for the variation we have observed in water composition. 
The inverse relationship between the maximum in sea level in 
late 1985 and the low nutrient concentrations at that time is 
consistent with elevation of the thermocline in response to 
low-frequency baroclinic Rossby waves8

. 

Alternatively, the water-mass displacements may be horizon
tal. There are insufficient data on spatial variation of water 
composition near the base of the thermocline in the Hawaiian 
region to resolve the actual spatial scale of water-mass displace
ment implied by these data. But dividing twice the standard 
deviation in Keahole composition by the horizontal composition 
gradient between GEOSECS stations 235 and 212 (about 
1,500 km apart) provides an estimate of possible horizontal 
motions implied. From Table 2 it can be seen that a north-south 
shift of 130-450 km could account for the observed variations 
in composition. 

We recognize the uncertainty in these calculations, including 
the possibility that the water-mass shift might be east-west rather 
than north-south. It is also likely that 'horizontal' gradients 
should actually be calculated along isopycnal surfaces, if 
sufficient data were available to resolve realistic trajectories of 
displacement. The calculations above use limited spatial data 
to evaluate the general magnitude of displacement in water-mass 
position needed to account for the temporal variation which is 
being documented at Keahole Point. It is significant, however, 
that the amplitude of the variation in the Keahole salinity record 
(Fig. 2a) is nearly identical to that reported by Seckel9

•
1o for 

Table 2 Inferred values for vertical and north-south horizontal displacement 

Keahole Point Vertical Vertical Horizontal Horizontal 
variability gradient displacement gradient displacement 

(2 s.d.) (change per m) (m) (change per km) (km) 

Salinity (%) 0.04 0.00078 51 0.00030 133 
Nitrate (j.l.M) 1.6 0.023 70 0.0079 202 
Phosphate (j.l.M) 0.10 0.0017 59 0.00048 208 
Silicate (j.l.M) 5.4 0.084 64 0.012 450 

Displacement values were inferred by dividing twice the standard deviation (s.d.) of water composition at Keahole Point by either the vertical 
gradient from the HTS data? or the horizontal gradient in composition between GEOSECS stations 235 and 212 (ref. 12). 
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Fig.2 a-d, Water composition at 586 m, Keahole Point, 1982
1987; these data have been smoothed with an II-point triangular 
filter, as discussed in the text. e, Monthly mean sea level data at 

Honolulu, on the south coast of Oahu. 
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interannual salinity variation in Hawaiian waters at this depth 
due to north-south movement of the southern boundary of the 
high-salinity (> 35%) North Pacific Central Water. 

Although it is not possible to ascribe a detailed physical 
explanation to the observed evidence of variations in regional 
water-mass displacement lO 

, one possibility is sufficiently obvious 
to bear mention. If, as seems possible from these data, the 
variation is cyclic on a time scale of a few years (Fig, 2), it may 
represent a response of the circulation of the North Pacific Gyre 
to phenomena on the same time scale as the El Nino/Southern 
Oscillation (that is, -4 yr) II, Hydrographic profiles with a 
spatial grid of tens of kilometres over an area a few hundred 
kilometres on a side would be needed to resolve the trajectory 
of water-mass displacement, and a continuation of the Keahole 
record will be important in resolving the time scale in question, 
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