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Ventilation and Transport of Thermocline and intermediate Waters 
in the Northeast Pacific During Recent E1 Nifios 

KIM A. VAN $COY 1 

Pl•/moutk Marine œaborator•, Pl•/moutk, England 

ELLEN P•. M. DRUFFEL 2 

Department o! Geosciences, Universit•/ o! California, Irvine 

We present time series of tritium (all) concentrations in seawater from stations in the eastern 
subpolar (50øN, 145øW) and subtropical (28øN, 122øW) North Pacific. In the eastern subpolar 
North Pacific the tritium gradient between surface water and North Pacific Intermediate Water is 
smallest during years that coincide with El Nifio events. In the eastern subtropical North Pacific 
between 200 and 400 m the tritium signature suggests that the water is of subpolar origin during 
non-El Nifio years. During El Nifio years, the water at this location is devoid of tritium. We 
hypothesize that the El Ni•o phenomenon alters both the ventilation of thermocline and interme- 
&ate waters in the eastern subpolar North Pacific, as well as the transport of this water to the 
eastern subtropical gyre. Combined with satellite altimeter data, these results offer both a mech- 
anism and a time frame by which subpolar water ventilates the vast reservoir of the subtropical 
North Pacific. 

1. INTRODUCTION 

The southern oscillation is a large-scale atmospheric fluc- 
tuation which occurs over the equatorial Pacific Ocean. As- 
sociated with the southern oscillation is the economically 
and ecologically devastating phenomenon known as El Nifio. 
The El Nifio phenomenon is evidenced by anomalous warm- 
ing of the eastern tropical Pacific Ocean at 2- to 10-year 
intervals. In this paper we first examine the relationship 
between El Ni•o and the ventilation of water in the eastern 

subpolar North Pacific (the Alaskan Gyre region). Second, 
we examine th e relationship between El Ni•o and the trans- 
fer of this newly ventilated water to the eastern subtropical 
gyre. 

In the ocean, tritium (all) is present. as tritiated Water 
(HTO) and, for all practical purposes, behaves identically to 
H20. Anthropogenic a H was produced by nuclear weapons 
testing during the late 1950s and the early 1960s. The 3H 
was introduced to the oceans via water vapor exchange and 

Recently, it has been suggested that after formation in the 
northwestern subpolar region, North Pacific Intermediate 
Water (NPIW) (characteristically centered at 26.8a0 or 120- 
150 m during the winter in the center of the Alaskan Gyre) 
periodically undergoes additional ventilation in the Alaskan 
Gyre [ Van Scoy et al., 1991 a, b; Musgrave et al., 1992]. Vari- 
ous mechanisms have been proposed to account for the high 
tritium concentrations and distinct hydrographic signature 
of these waters. These include enhanced vertical mixing 
with overlying waters [Van Scoy et al., 1991a] and outcrop- 
ping due to wind forcing [Van Scog et al., 1991b; Musgrave 
et al., 1992]. 

SUBPOLAR VENTILATION 

A time series of a H measurements is available from ocean 

weather station P (station P) from 1974 to 1982 [(•stlund, 
1981; (•stlund, 1985]. The depth Spacing.of the samples was 
nearly regular, with six samples generally from the upper 

precipitation, predominantly in the high northern latitudes. 500 m. A Complete description of the tritium data can be 
The latitudinally asymmetric input of S H and its half-life of found in the.work by Gargett et al. [1986]. To evaluate the 
12.43 years render it an excellent tracer for studying ventila- ß 
tion of therm0cline and intermediate waters in the North Pa- 

cific Ocean. Ventilation refers to any process which imprints 
surface condition• (e.g., salinity, temperature, and dissolved 
gases) onto subsurface waters [Doney and Jenkins, 1988]. As 
such, ventilation is the physically limiting step for uptake by 
the oceans of anthropogenic gases such as CO2. 

1 Formerly at Department of Marine Chemistry and Geochem- 
istry, Woods Hole Oceanographic Institution, Woods Hole, Mas- 
sachusetts. 

2Also at Department of Marine Chemistry and .Geochem- 
istry, Woods Hole Oceanographic Institution, WoOds Hole, Mas- 
aachusetts. 
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ventilation of NPIW, a H was linearly interpolated to 26.8a0. 
The vertical sample spacing varied Somewhat; however, in 
most instances the a H value at 26.8 a• arose from interpola- 
tion of measured values at i25 and 300 m. Figur. e I presents 
the station P time series at the surface (Figure la), interpo- 
lated to 26.8cr0 (Figure lb); and the difference between the 
surface tritium value and the interpolated value at 26.8•r• 
(Figure lc). 

Station P is located at 50'N and 145øW (Figure 2). This 
station, although not at the center of the Alaskan Gyre, is 
believed to reflect the predominant process es of the region. 
Tritium concentrations ar e expressed in TU81N (where 1 TU 
= 10 '•ls x mole fraction of ZH/•H), denoting that values 
are decay corrected tO January 1, 1981, using the newly 
determined aH half-life of 12.43 years [Mann et al., 1982]. 

Tritium concentrations in the surface waters at station 

,P decrease with time (Figure la). This results from very 
little tritium being; added across the air-sea interface after 
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Fig. 1. Tritium values (TU81N) at station P (50øN, 145øW) (a) at the surface, (b) interpo]z•ted to the 26.8•r e 
isopycnal (the error bars represent an average of the measurement error for the sample directly above and below 
the 26.8•re surface; they do not include any error intro&•ced by interpolation), and (c) the difference between the 
surface water a H concentration and the interpolated aI-[ concentration at 26.8•r• (TU81N) versus time (years). 
Vertical grid lines denote the beginning of each year (i.e., January) [(•stlund, 1981; (•stlund et al., 1986]. The solid 
circles denote data in which the difference between the surface 3H and the 3H at 26.8•0 is less than 1.5 TU81N. 
Both of these data points were collected during El Nifio years. 

1974 and from dilution of the surface tritium as a result 

of mixing with lower tritium subsurface waters. A similar 
decrease in de/:ay-corrected surface tritium concentrations 
has been observed in the Atlantic [(•stlund and Rooth, 1990]. 
Superimposed on this trend is a seasonal cycle evidenced 
by lower values during the winter and higher values during 
the summer. During the winter, wind-forced vertical mixing 
with deeper waters (containing less 3H) occurs, resulting in a 
dilution of the 3H in the surface waters. During the summer, 
•he mixing lessens and the thermocline strengthens, allowing 
th//3H to build Up in the surface waters. 

Based on the above arguments, one might expect the tri- 
tium values on 26.8a0 (Figure lb) to vary inversely with 
those at the surface. However, this is not always the case, 
because the 3H signature on 26.8a0 at station P reflects not 
only the local processes but also the mixing which has oc- 

26.8a0 is the large dip between 1978 and 1980; this feature is 
partially due to the sparsity of the sampling during this pe- 
riod. However, the value from 1980 is clearly lower than the 
surrounding data and more closely resembles the low value 
in 1975. The surface 3H (Figure la) shows no correspon- 
dence to the low 3H on 26.8a0, suggesting that the source of 
these extrema must be either the western subarctic Pacific 

or a process confined to below the thermocline. 
It is expected that local ventilation events, whether they 

occur by mixing or outcropping, would result in a minimal 
3H gradient between the surface and the 26.8•0 isopycnal. 
This signature should be evident over the residual signal 
from the northwestern region, which will be eroded by mix- 
ing and differential advection between the two surfaces as 
they travel to station P. Such minixna in the tritium gradi- 
ent (Figure lc) are found in 1976 (coincident with a moder- 

cuffed in the northwestern subpolar region. A conclusive .ate E1 Nifio event) and in 1982-1983 (coincident with a very 
interpretation of the time series at 26.8• is therefore very strong E1 Nifio)- The occtirrence and relative strength of E1 
difficult. The most obvious feature from the time series on Nifio events is reported by Quinn et al. [1987]. Accordingly, 
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Fig. 2. Major surface currents of the North Pacific Ocean. The location of station P (50*N, 145'W) and subtropical 
station where repeat tritium samples are available and are denoted by solid circles. 

ventilation to the depth of NPIW in the eastern subpolar 
North Pacific seems to be confined to, or at least intensified 
during, E1 Nifio years. 

Both enhanced vertical mixing and outcropping of NPIW 
are wind-forced phenomenon. However, direct correlation 
between the E1 Nifio phenomenon and wind stress curl has 
not been detected over the North Pacific [Rienecker and 
Ehret, 1988]. It has been suggested that such relationships 
may exist but are masked by the variability in the position 
of the Aleutian low during E1 Nifio events [Niebauer, 1988]. 
It ha been observed that the Aleutian low tends to be more 

intense and is displaced southeastward during some E1 Nifio 
events [Bjerknes, 1966, 1969, 1972; Rienecker and Movers, 
1986]. In fact, during the severe 1982-1983 El Nifio event, 
the Aleutian low wa eat of its usual position, and the a- 
sociated 700-mbar height was at its lowest recorded value 
[Rienecker and Movers, 1986]. Therefore, both cyclone in- 
tensity and shifts in the cyclone tracks may be related to E1 
Nifio. 

3. TRANSPORT OF SUBPOLAR WATER 
TO THE SUBTI•OPICAL GYP• 

Coastal sea level height anomalies predict that the rela- 
tive strengths of the subpolar and subtropical gyres (Figure 
2) vary and are correlated to the E1 Nifio phenomenon [Chel- 
ton and Davis, 1982]. Specifically, C'helton and Davis [1982] 
suggest that the North Pacific current, which transports wa- 
ter from the central North Pacific eastward, bifurcates in the 

eastern North Pacific with the bulk of the transport either 
turning northward (during E1 Nifio years) or turning south- 
ward (during non-El Nifio years). Using satellite altimeter 
data, Kelly et al. [1993] has shown an intensification of 
the Alaskan Gyre (evidenced as a greater dynamic height 
difference across the gyre) during 1987 (coincident with a 
moderate E1 Nifio). Conversely, they find a weakening of 
the Alaskan Gyre (smaller dynamic height difference across 
the gyre) coupled with a transfer of water from the subpolar 
region to the subtropical region during 1988 (a non-E1 Nifio 
year). The intensification noted during the E1 Nifio of 1987 
would cause increased doming of the isopycnals of the cy- 
clonic Alaskan Gyre and hence facilitate ventilation either 
via outcropping or via enhanced vertical mixing. 

A time series of tritium profiles [Roet.h. er, 1974; •stlund 
and Brescher, 1982; •stlund et al., 1986; Ostlund, 1987] from 
the eastern subtropical North Pacific (approximately 28øN, 
122øW) for the years 1969-1985 is presented in Figure 3a. 
Tritium concentrations are decreasing with time in the upper 
200 m, as they did at station P (Figure la). Between 200 m 
and 400 m, however, the profiles display a distinct bimodal 
distribution. The density surfaces which correspond to the 
water below approximately 250 m (greater than 26.25•e) are 
not ventilated at any location in the subtropical gyre [Tal- 
ley, 1985]. However, these density surfaces (approximately 
26.25•e-26.8•) are known to be ventilated in the subpo- 
lar gyre [Talley, 1988]. Therefore water below 250 m that 
contains aH must have been ventilated in the subpolar gyre. 
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Fig. 3. (a) Tritium (TU81N) and (b) salinity vemus depth for 1969 [dsilund and Brescher, 1982], 1971 [Roeiher,. 
1974], 1974 [(•stlund and Brescher, 1982], 1979 [(•stlund and Brescher, 198212 1981 [(•stlund and Breshcer, 1982], 
1982 [(•stlund and Brescher, 1982], 1983 [(•silund et ai., 1986], and 1985 [Ostlund, 1987]. All samples are from 
approximately 28øN, 122øW except the sample collected in 1985, which is from 30øN, 122•W. 

Relatively high values of tritium are found below 250 m 
in the profiles collected during 1979, 1981, 1982, and 1985. 
This suggests that these waters were recently ventilated in 
the subpolar gyre. During 1979, 1981, and 1985, E1 Nifio 
conditions were not reported. This suggests that during 
non-E1 Nifio years, recently ventilated subpolar water flows 
into the eastern subtropical Pacific. The tritium profile from 
June of 1982 was collected just subsequent to the appear- 
ance of E1 Nifio conditions off the coast of Peru in May of 
1982. Thus this profile more closely represents non-E1 Nifio 
conditions. 

During the weak E1 Nifio of 1969 and the strong E1 Nifio 
of late 1982-1983, tritium concentrations between 200- and 
400-m waters are markedly lower, suggesting that subpolar 
water is no longer ventilating this region. The vertical tri- 
tium profiles from November of 1971 and June of 1974 are 
nearly identical to those of the E1 Ni/io years. It is possi- 
ble that the absence of subpolar water during these years 
is related to the strong E1 Ni/io of 1972-1973. Evidence of 
this E1 Nifio began as early as March 1971, and warming 
off the southern coast of Peru was apparent by August 1971 
[Wooster and Guillen, 1974]; this could explain why the tri- 
tium sampled in November of 1971 resembled profiles col- 
lected during E1 Nifio years. The profile from June of 1974 is 
discussed in more detail in relation to Figure 4. Therefore, 
it appears that the bimodal a H distribution between 200 m 
and 400 m is a result of E1 Nifio influence on the transport 
of subpolar water to the eastern subtropical Pacific. 

It is arguable that the aH concentrations during 1969 and 
1971 are low because bomb a H is just beginning to arrive 
at this location, as a result of the advection time for NPIW 
from the subpolar region. However, Figure 3 shows that 
the profiles with lower tritium concentrations (1969, 1971, 

1.5 

0.5' 

Non El Nino Years 

El Nino Years 

In between years 

Year 

Fig. 4. Tritium concentrations interpolated to 26.8•r0 versus time. 
All data was collected at approximately 28øN, 122øW except the 
sample from 1985, which was collected from 30øN, 122øW. Error 
bars represent an average of the measurement error for the sam- 
ples directly above and below the 26.8a0 surface. They do not 
include any error introduced by the interpolation. Citations for 
data are given in the Figure 3 caption. Solid circles denote E1 
Nifio years, open circles denote non-E1 Nifio years, and half-filled 
circles denote periods just prior to or just after E1 Nifio episodes. 

1974, and 1983) tend to have higher salinity values (Figure 
3b) and the profiles with higher tritium (1979, 1981, 1982, 
and 1985) tend to have lower salinity values. 

This relationship strongly suggests that the stations with 
high tritium concentrations are of subpolar origin, whereas 
the stations with low tritium (including 1969 and 1971) are 
not. Two mechanisms could account for this distribution. 

First, it could result from variation in transfer of ventilated 
water from the subpolar gyre to the subtropical gyre. Alter- 
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natively, it could arise from temporal variability in the pole- 
ward contraction of the subpolar gyre. This would result 
in the station sometimes residing within the nonventilated 
shadow zone [Luyten et al., 1983]. Satellite altimeter data 
suggest an actual transfer of water from the subpolar to the 
subtropical gyre [Kelly et al., 1993]. However, this does not 
preclude a shift in the gyre boundary. 

Interestingly, a true bimodal distribution is not evident in 
the salinity profiles. This suggests that a steady state tracer 
such as salinity, which has sources from both the north and 
the south, is not as useful for identifying this phenomenon 
as is all, which has a source only in the north. 

To evaluate the temporal history of recently ventilated 
NPIW in the eastern subtropical Pacific, tritium values were 
interpolated to 26.8a0 (Figure 4). In this time series, tritium 
concentrations during non-E1 Nifio years are clearly rising as 
a result of the tritium input to subthermocline waters. How- 
ever, during the 1969, 1972, and 1982-1983 El Ni/io years, 
aH values are markedly lower. Interestingly, the interpo- 
lated value from June of 1982 appears slightly lower than 
the value for August 1981, implying that the ventilation ef- 
fect may have just been initiated at this site. The vertical 
profile of tritium in 1974 (Figure 3a) more closely resembled 
an E1 Nifio year (perhaps as a result of the strong E1 Nifio 
the year before) than a non-El Ni/io year. Figure 4 indi- 
cates that at the density of NPIW, tritium concentrations 
in 1974 are slightly higher than the E1 Niiio value of late 
1971 but substantially lower than the closest non-E1 Nifio 
value in 1979. 

4. DISCUSSION 

The 3H time series presented here suggest that ventilation 
to at least the density of NPIW occurs within the Alaskan 
Gyre during E1 Nifio years. This recently ventilated water 
apparently remains in the intensified subpolar gyre until the 
cessation of the E1 Nifio event. After the E1 Nifio event and 

during the period between events, recently ventilated waters 
flow into the subtropical gyre, carrying the characteristics 
acquired in the subpolar region to depths of 400 m. 

Although this work suggests an E1 Nifio influence in the 
subpolar North Pacific, the question remains whether that 
influence is driven by the equatorial region (oceanic forc- 
ing via propagating Kelvin waves) or whether it is driven 
by temporal and spatial wind effects (atmospheric forcing). 
Recent model results [Johnson and O'Brien, 1990] suggest 
that poleward of 45øN, local wind forcing raised the thermo- 
cline during the 1982-1983 E1 Nifio. Equatorward of 45øN, 
the dominant E1 Nifio signal has an equatorial origin. While 
not unequivocal, the tritium data support this result. 

The response time from the onset of E1 Nifio conditions 
in the equatorial region to ventilation in the Alaskan Gyre 
is less than 1 year (Figure lc). Kelvin wave speed (approx- 
imately 250 cm s -•) is fast enough to allow the waves to 
propagate across the equatorial Pacific and travel north as 
coastally trapped Kelvin waves within a few months. How- 
ever, to reach the center of the Alaskan Gyre, they would 
have to travel westward as a reflected baroclinic Rossby wave 
(average speed of only 1-2 cm s-•). This westward propa- 
gation to station P has been previously documented to take 
a value of the order of 3 years [White and Tahara, 1987]. 

Concurrent with the proposed ventilation events in the 
Alaskan Gyre during E1 Nifios, two recent studies have 
recorded very high primary productivity during recent E1 

Nifio years. Takahashi [1989] used a time series of sediment 
trap samples from 1982-1986 to suggest an anomalous flux 
of Distephanus speculum (a silicoflagellate which is consid- 
ered to be a productivity indicator) during the 1982-1983 
E1 Nifio event. Martin et al. [1989] report one of the highest 
primary productivity rates ever recorded at ocean station P 
during the following E1 Nifio in 1987. 

A correlation between recent E1 Nifio events and anoma- 

lously high productivity remains an interesting question. 
The Alaskan Gyre region is not believed to be nutrient lim- 
ited in the classical sense with respect to PO• a- or NO•- 
[e.g., McAllister et al., 1960]. Recent studies have suggested 
that productivity may instead be limited by Fe availability 
[Martin and Gordon, 1988; Martin et al., 1989]; the source 
of Fe is largely via aerosol transport during storms [Duce 
and Tindale, 1991]. It remains the topic of future study 
whether the processes which are forcing the ventilation are 
also affecting the productivity. 

Finally, increased ventilation in the Alaskan Gyre during 
E1 Nifio could be relevant for understanding the CO2 cycle 
in this region. Time histories of aletrended atmospheric CO2 
anomalies from station P [Bacastow et al., 1980] suggest that 
temporal forcing of CO• at station P differs from that at 
other sites in the Pacific (Mauna Loa and Fanning Island) 
and at the South Pole. One would expect the ventilation 
processes proposed in this study to force waters rich in CO• 
to the surface, resulting in a net flow of CO• from the oceans 
to the atmosphere during E1 Nifio years. However, existing 
pCO• measurements [Wong and Chan, 1991] show no such 
trend. 

The ventilation patterns revealed in this report, along 
with published and future studies of primary productivity, 
oceanic fluxes, and pCO2 (in the atmosphere and in sea- 
water) are needed to understand the carbon cycle in the 
northeast Pacific. 
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