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Abstract

The central Pacific Ocean equatorial circulation system is
comprised of surface currents, mainly the South Equatorial Current,
the Equatorial Undercurrent, the North Equatorial Countercurrent,
and the North Equatorial Current and underlying water masses-
Surface Layer Water and Intermediate Water, specifically North Pacific
Intermediate Water and Antarctic Intermediate Water. Annual
variation of these waters is highly influenced by short-term climactic
changes in atmospheric circulation, especially the EI Nino Southern
Oscillation cycle.

Using data from CTD deployments, two stages in the decline of
the 2002-2003 EI Nifio were geostrophically calculated. These
observations showed that by April of 2003 the effects of this El Nifio
were minimal with only slight temperature and salinity anomalies

remaining. The second cruise, from late March through early May,
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to examine the Central Pacific Equatorial circulation system. Data

were collected and analyzed using the following instruments: Seabird
SBE 45 Thermosalinograph, and the Seabird SEACAT Profiler Model
SBE 19 Conductivity-Temperature-Depth (CTD) units. Data from the
TAO/TRITON archive were also used. The thermosalinograph
provided temperature and salinity readings taken at the surface every
minute. The CTD was calibrated at 4 m for every deployment and
measured the conductivity, temperature and depth of water flowing
through the device four times per second.

Salinity and temperature were measured at depth using the
CTD. Sampling using the CTD was conducted at stations along the

cruise tracks (Figure 3.2) and to varying depths. CTD sensors were
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Figure 3.2. CTD deployments (pink) along cruises 185, from Honolulu, Hawaii south to
Papeete, Tahiti between February and March of 2003, and 186, from Papeete, Tahiti north
to Honolulu, Hawaii between March and May of 2003. Hawaii can be seen on this map at
approximately 20°N, 155°W. The black dots represent land masses.
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calibrated at 4 m depth for 2 minutes. Water masses were identified

from CTD data. Dynamic height and geostrophic flow were analyzed
using data from CTDs. Theoretical surface currents’ velocities and
transport were also calculated using CTD data to calculate volumetric
anomalies and resulting flows. For a more detailed explanation of
why this works, please refer to Appendix A.

CTD conductivity, temperature (t) and depth (z) data were
processed by SeatermAF for salinity (s), density and specific volume
anomaly (9 ), averaged every 5 m. The specific volume anomaly
represents the difference between the volume of 1 kg of the sampled
seawater and the volume (V) of a standard (salinity (s), temperature (t),
and pressure (p)) determined by depth (Pond and Pickard, 1983).

0=10*(V(s,tp)-V(35,0,p)) [10®* m’/kg]
The volume of sampled seawater is calculated using the International
Equation of State for Seawater, which is dependent on the density and
pressure of a body of water (Fofonoff, 1985). This volumetric anomaly
is then converted to A®, a ‘height’ anomaly. The A® is calculated by
multiplying the average J of two depths by the change in pressure

between them.
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Dynamic height is measured in dynamic meters [Nm] using

the change in geopotential (A®) between two locations (Pond and
Pickard, 1983). The change in geopotential is related to dynamic

height (D) by a factor of ten (Pond and Pickard, 1983).

AD =7 Ap [m%s?]

By setting the geopotential equal to zero at a reference depth, and then
summing the change over the depth, a dynamic sea surface height is
derived. Geopotential distance [m2s-2] can only be converted to
geometric meters if the reference depth is chosen where the velocity
equals zero (Pond and Pickard, 1983). In the region of the equator
there is no one depth that consistently has a zero velocity. Therefore a
1000 m reference depth was chosen to facilitate comparison with
Wyrtki and Kilonski (1984), but the measurements of geopotential
distance were left in units of dynamic meters. When comparisons
were made with TAO/TRITON data, a reference depth of 500 m was
used, and geopotential distance was converted to dynamic height.
Based upon the difference in geopotential between two stations,
the velocity and volume transport were calculated (Pond and Pickard,

1983).
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V= AP, -AD,

o [ms™ ]

V=wzv  [mos]

The measurement of velocity (v) takes into account the Coriolis
factor ( f ) that drives the direction of flow. The Coriolis factor is the
magnitude of the Coriolis force:

F. = 2Qsin gV, X k

f =2Qsing

The Coriolis factor is directly related to the angular momentum (Q) of
the Earth, which is 7.29x10- rad s1, and the latitude (¢) of the flow. In
this model it is assumed that all of the flows are directly along a north-
south meridian, so the direction of the Coriolis force is the cross
product of this with the radial vector and is directly east-west. Volume
transport (V) is a function of depth (z), velocity (v), and the standard
width (w). For calculations that required two stations’ data, the data
were plotted using that average longitude, and the average latitude.

The maximum possible error for the initial conductivity and
temperature measurements were then taken into account. The error
was then propagated using the International Equation of State to find

the error involved in the specific volume anomaly, and thereby the
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water at depth. TAO data provide a means for comparing current

data with recent past conditions.

Steady state

The Pacific equatorial surface currents are set in motion by the
north- and south- easterly trade winds. In a world without continents,
the winds would converge at the equator. However, there is a larger
proportion of land mass in the northern hemisphere that results in
warmer, lower-pressure air. The southeasterly trade winds therefore
cross the Equator and converge with the northeasterly trade winds
slightly north of the Equator in a region known as the Intertropical
Convergence Zone (ITCZ), located at ~7° N (Emery and Pickard, 1990).

The trade winds cause a deflection of surface waters known as
'Ekman wind drift' (Apel JR, 1987). This wind drift is typically
between 10° and 45° to the right in the northern hemisphere and to the
left in the Southern Hemisphere. This veering effect continues
downward through the water column while decaying exponentially

(Figure 2.3). This effect dies off within 10-20 m of the surface, and



when integrated has a net transport 90° from the wind direction,
known as Ekman transport (Apel, 1987).

Due to the trade winds and Ekman transport there is a unique
pattern of dynamic sea surface height in the equatorial Pacific.

Between the Equator and 30°, there are predominantly easterly trade

Figure 2.3. Rotation and magnitude of near-surface velocities
through the Ekman layer of the ocean. Wind direction is indicated
by the topmost vane. (From Ekman, 1905)

winds in the Hadley cells, whereas the Ferrel cells (between 30°and

60°) have predominantly westerly winds. Where these two opposing

13
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winds meet, at approximately 30° N and S latitudes, there are

subtropical ocean convergent zones that have high dynamic sea height
(Figure 2.4). Another area of convergence with high dynamic sea
height is centered at ~3° N, below the ITCZ (Emery and Pickard, 1990).
This area of convergence is due to the shift of the trade winds across
the Equator and the resulting movement of water due to Ekman
transport. In actuality, the area of high dynamic height at 3°N

combines with the ITCZ forming one dynamic high of approximately
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Figure 2.4. Equatorial Pacific Water Circulation, surface diagram of currents,
transports and winds. (Emery and Pickard, 1990)
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1.75 Nm at 4.5°N (Wyrtki, 1984). Between these areas of high

dynamic sea height, there are lows at approximately 10°N (between
the North Pacific Subtropical gyre and the ITCZ) and at the equator
(between the ITCZ and the South Pacific Subtropical Gyre). The North
and South Pacific Subtropical Gyres are major surface circulations

(Pickard and Emery, 1975).

Primary geostrophic currents
South Equatorial Current

Geostrophic currents (Figure 2.5) are associated with the pattern
of dynamic sea height. The SEC and the NEC (Figure 2.4) are both
westward flowing currents; they are the low-latitude limbs of the
South and North 10 0 10 2
Pacific subtropical
gyre. The SEC

covers a large

range of latitudes,

~10°Sto4° N. It Figure 2.5. Areas occupied by main zonal currents between
Hawaii and Tahiti. Blue areas are westward flow, red are
eastward flow. (Based on Wytki and Kilonski, 1984)
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has two branches as a result of the trade winds crossing the Equator:

in the southern hemisphere, SEC(S) is located along the northern edge
of the South Subtropical Gyre; and in the northern hemisphere, SEC(N)
flows between the Equator and the 3° N convergence (Pickard and
Emery, 1992).

Wyrtki (1984) defines the SEC in three parts- all with velocities
over 0.02 ms? and above 400 m in depth: an SEC(N), which is between
the Equator and 4° N; SEC(S), between the Equator and 9° S; and a
third branch which describes any flow south of 9° S, here referred to as
SEC(SS). Johnson (2002) defines the SEC as any westward flow with a
density less than 26.0 kgm-3 and splits it into two parts: SEC(N), which
is between the equator and the NECC, and the SEC(S) from the
Equator to 8° S. In a normal year, there is a weaker section of the SEC
that flows directly over the equator.

The SEC is located above the thermocline with a mean
temperature of ~27° C and a salinity range from 34.8 to 36.0 ppt (Picaut
and Tournier, 1991). The mean depth of the SEC is ~150 m, but it has
been detected as deep as 400 m; thus, it may affect the underlying
intermediate water masses. The mean transport of the SEC is

~55x106 m3s1 with a normal maximum velocity of about 0.6 ms-!
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(Johnson et al., 2002). A shallow thermocline intensifies its velocity,

so as the SEC moves westward where the thermocline deepens, its
velocity decreases. During El Nifio conditions, decreased wind speeds
result in diminished geostrophic flow of the equatorial currents, most
noticeably in the SEC. Areas of high precipitation associated with the
eastward movement of low-pressure systems during El Nifio bring
fresh water to the equator, decreasing salinity and density of SEC
water.
North Equatorial Current

The westward-flowing North Equatorial Current is the southern
limb of the North Subtropical Gyre, located between 8° and 20° N. The
NEC flows above the thermocline with a mean depth of 300 m and
increases in velocity towards the west. For analysis Wyrtki (1984)
defines the NEC as any westward flow with a velocity greater than
0.02 ms1 above 400 m whereas Johnson (2002) defines it as any
westward flow above 26.0 kgm-3 north of the NECC. It has an average
temperature of 15°-25°C and a salinity profile having little variability-
a range of 34.8-35.0 ppt. The speed of the NEC increases as it flows
westward. Mean transport of this current is 22.1x10% m3s-1 (Picaut and

Tournier, 1991). The NEC acts similarly to the SEC during an El Nifio
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year; that is, it increases in temperature and decreases in velocity due

to slackening trade winds and leveling of the thermocline. Changes in
salinity due to EI Nifio are unknown.
Countercurrents

There are five countercurrents that flow eastward, against
predominate westward-flowing winds and surface currents. The
South and North Equatorial Countercurrents (SECC & NECC,
respectively) are eastward flowing surface currents that are generally
rather shallow (less than 200 m deep) and slow moving (maximum of
0.4 ms1) compared to westward flowing currents. The SECC
fluctuates between 7° S and 14° S and typically has two branches, one
at 8°-10° S and the other from 11°-13° S, with a combined mean
transport of 0.6x106 m3s1 (Wyrtki and Kilonski, 1984). However, these
data may be affected by mixing with the SEC; when sections are
analyzed individually, the mean transport is 3x10% m3s-1 (Eldin, 1983).
Wyrtki (1984) defines this current as eastward flow above 0.02 ms1in
surface waters south of the Equator. Johnson only looks at the SEC,
SECC and EUC specifically. However, in order to have a full second

set of currents, not defined by a lower depth, Johnson’s criterion of a
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26.0 kgm-3 lower boundary line was extrapolated to the NEC and

NECC. Salinity of the SECC ranges from 35.6-36.2 ppt.

The North Equatorial Counter Current (NECC) is a geostrophic
current that flows east between the northern edge of the area of high
dynamic height at ~3° N and the ITCZ at 7° N, although it occasionally
lies as far south as 2.5° N. It borders the SEC(N) to the south,
occasionally merging with the EUC at depths. The mixing that occurs
along the boundaries of the NECC leads to some uncertainty over the
volume of flow, but it is generally greater than 12x106 m3s (Wyrtki
and Kilonsky, 1984). The parameters used by Wyrtki and Kilonski
(1984) to define this current were any eastward flow above 0.02 ms! to
a depth of 400 m. Johnson (2002) defines this current as eastward flow
north of 2° N with densities below 26 kgm-3. The NECC is at its
weakest in May in the central region of the Pacific carrying ~5 x 106
ms3s1 (Donguy and Meyers, 1996).

Subsurface countercurrents, weaker than the Equatorial
Countercurrents, also flow eastward in the equatorial regions, but
generally flow below their surface counterparts. The South Subsurface
Countercurrent (SSCC) found at 4° S is identified by low oxygen and

high nutrient levels. The SSCC has a weaker second branch between
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6°S and 7°S at a slightly greater depth. The transport of the two

branches combined is 4.3x106 m3s1 (Wyrtki and Kilonski, 1984). There
is also a North Subsurface Countercurrent (NSCC), located between
200 m and 400 m in depth and 2°N and 6°N, with a maximum velocity
of 0.1 ms1. This current, related to the SSCC, has a mean transport of
8x108 m3s-1 (Wyrtki and Kilonski, 1984).
Effects of EI Nifio

Previous research has not addressed El Nifio's effect on the
countercurrents. There is a possibility that the velocity of these
countercurrents increases in an El Nifio event due to the slackening of
the westward winds whose friction normally would impede their flow.
Countercurrents could also increase due to the necessity of water
flowing back to the east, attempting to flatten the thermocline.
However, if the countercurrents are propelled by the downwelling
caused by the pile-up of other currents, then the decrease in the
transport of westward flowing currents would result in less transport
to the east, causing these currents to weaken.
Equatorial Undercurrent

The most prominent of the eastward flowing currents is the

Equatorial Undercurrent (EUC) that transports the downwelled water
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from the western side of the basin back east. The EUC is important

to the equatorial circulation and transport, and it is directly affected by
ENSO cycles. Itis a unique current because there is no deflection as a
result of Ekman transport and the Coriolis force directs any northward
and southward meanders back toward the equator. The result is that
the EUC rarely strays beyond 2°N and 2°S. Johnson (2002) defines this
current as eastward flow having density between 23 and 26.5 kgm-3
from 2° S to 2° N; Wyrtki and Kilonski (1984) classify it as eastward
flow between 4° S and 4° N and above 400 m.

The EUC flows eastward under the equator within the
thermocline at a depth range of 50 to 300 m, with a mean depth of
100 m. The EUC is thin in comparison with other currents, ~81 km?2 in
area, and diminishes as it flows eastward. It surfaces in the eastern
basin, has a mean core speed of 0.31 ms1 (Emery,1990), and a
maximum velocity of 0.5 ms? (Pond and Pickard, 1984). The
temperature range of the EUC is 15°-25°C (Lu et al., 1998) and the
salinity ranges from 34.6-35.2 ppt. The EUC is warmest and most
saline at the dateline. Most mixing occurs above the thermocline

(hence above the EUC) as eddies and turbulence move surface waters
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into lower waters. This mixing with the surface waters has minimal

effect on the temperature and salinity of the EUC.

Previous work using ADCP data suggest that the EUC
originated in waters from the New Guinea Coastal Undercurrent
(Emery,1990). During normal ENSO periods, there is high dynamic
sea surface height coupled with a deep thermocline along the western
boundary. The steep thermocline creates a zonal pressure gradient
that drives the eastward movement of the EUC (Johnson et al., 2002).
According to data collected by Wyrtki and Kilonsky (1984), the mean
volume of transport for the EUC is ~30.5x108 m3s-1 during a normal
year.

The EUC is subject to high variability during the ENSO cycle.
Johnson et al. (2002) found that the SEC and the EUC are both weaker
during an El Nifio event. At 155° W the velocity of the SEC dropped
from 0.70 ms1 to 30 ms! between La Nifia (SOI=+1) and El Nifio
(SOI=-1). Under similar conditions, the velocity of the EUC decreased
from 1.10 ms to 0.70 mst. In some extreme El Nifio periods, the EUC
has disappeared entirely. During an El Nifio event, the thermocline
becomes shallower and the zonal pressure gradient that drives the

EUC shoals more parallel to the surface. Johnson also found that the
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highest EUC speeds occur when easterly trade winds are weakest.

This seems contradictory since the easterlies are at their weakest
during an El Nifio, but the EUC also weakens. This indicates that the
velocity of the EUC is influenced by both surface winds and friction,
yet also by the slope of the zonal pressure gradient created in the

thermocline.

conclusion

To observe the abnormal, the normal must be understood. This
holds true in general, and specifically in the case of the Pacific
Equatorial system. An analysis of salinity, temperature, and surface
current velocity provides insight into the state of the ocean with
regards to the ENSO cycle. During an El Nifio the thermocline flattens,
wind strength decreases, and the SEC and EUC weaken as do the
countercurrents. During a La Nifa the thermocline steepens, the
winds strengthen, and the surface currents increase in velocity and
volume transport. Therefore, the position of the ocean-atmosphere
system within the ENSO cycle can be observing through the current

state of the ocean.



introduction

Variation in global weather patterns occurs on widely varying
time-scales, from minutes to centuries. Phenomena such as
abnormally cold winters, warm summers, short term droughts or
periods of flooding can occur anywhere on the globe. Sometimes,
widely spaced events can be correlated (e.g. a warm, wet period in
Ecuador and drought conditions in northern Australia).

In the past few decades, scientists have realized that global
circulation patterns can produce complicated and varied affects. One
of these global circulation patterns is the ElI Nifilo Southern Oscillation
(ENSO).

“The EI Nifio Southern Oscillation (ENSO) is an

interannual coupled oscillation of the atmosphere and ocean
of the tropical Pacific. In the atmosphere, the east-west see-

saw of surface pressure and the related patterns of clouds,
winds, temperatures, and precipitation. In the ocean, the



east-west flip-flop of the location and depth of warm and cool
pools of water.”
D’Aleo, 2002, p.1

The term, ENSO, comes from the combination of two older
terms, “El Nifio” and “the Southern Oscillation”. The Southern
Oscillation is “an interannual see-saw of sea surface pressure across
the tropical Pacific” first described by Sir Gilbert Walker in the mid-
1920’s (D’Aleo, 2002). The Southern Oscillation is currently measured
by the Southern Oscillation Index (SOI), which chronicles the
difference in sea level pressure between Darwin, Australia, and Tabhiti,
taking into account normal variation.

The second term, EIl Nifio, refers to the warming of sea waters
off the coast of Ecuador and Peru near Christmas time. El Nifio means
“little boy” in Spanish and refers to the Christ child. It was named by
Peruvian fisherman in the 1800s who noticed the warm waters off the
coast and the associated decline in fish populations.

Although warm waters may be associated with plentiful
tropical fish populations, this is often not the case. Off the coast of
South America, deep, cold waters are drawn up to the surface when

the warmer surface waters are blown away from the coast. With these
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cold waters come nutrients that support a productive fishery. In turn,

these fish population are the backbone of the coastal economy.

history

The two major contributors to the formulation of the ENSO
cycle are Sir Gilbert Walker and Jacob Bjerknes (D’Aleo, 2002; Glantz,
2001). Walker was the first to describe the Southern Oscillation, and
Bjerknes was the first to combine this with what was known of El Nifio
to formulate the El Nifio Southern Oscillation.

Even before Walker, other meteorologists had noticed a
correlation between pressure in the North Atlantic and weather in
Europe (Walker, 1928). However, Hildebrandsson was the first to
realize its global consequences by looking at 68 weather stations using
purely graphical techniques (Walker, 1928).

Walker was appointed director-general of observatories in India
in 1904, directly after the 1899-1900 El Nifio. This El Nifio drastically
changed the normal climactic patterns of India, causing a major
drought during the regular monsoon season, and thereby became Sir

Walker’s primary research. The limited statistical work that had been



done with meteorology by a contemporary, however, was not
convincing to Walker. Beginning in 1886, official monsoon forecasts
had been published that were devoid of any rigorous statistical or
meteorological basis. These predictions did lead to the identification
of possible variables for drought conditions (e.g. Himalayan snow
cover and distant atmospheric pressure), which Walker believed could
be connected to form quasi-periodic behavior (Walker, 1925). Quasi-
periodic behavior can be described as a function of discrete frequencies
that are related by an irrational ratio (Fisher, 1995).

The British statistician, George Udny Yule, had meanwhile
devised a description of second order quasi-periodic behavior (Katz,
2002) that Walker extended for the more complex system he was
studying. Walker looked at the correlations between Port Darwin,
Australia, Zanzibar and Samoa. These differences in pressure were the
beginnings of the Southern Oscillation Index, which is now defined as
the difference in pressure between Port Darwin, Australia and Tahiti.
Walker began to publish in 1910 on the “Correlation of Seasonal
Variations in Weather” and wrote in 1923 that,

“there is a swaying of pressure on a big scale backwards

and forwards between the Pacific Ocean and the Indian
Ocean, there are swayings, on a much smaller scale, between



the Azores and Iceland, and between the areas of high and
low pressure in the N. Pacific.”

Katz, 2002, p.101
In these simple five lines, Sir Walker describes not only the Southern
Oscillation but also the North Atlantic Oscillation and the North
Pacific Oscillation (two other important global circulation patterns).
Unfortunately, it was not until Bjerknes made the connection
between El Nifio and the Southern Oscillation that Walker’s work on
the Southern Oscillation was widely regarded as more than a “climate
curiosity” (Rasmusson, 1991). In March of 1969, Bjerknes wrote,
“The maxima of the sea temperature in the eastern and
central equatorial Pacific occur as a result of anomalous
weakening of the trade winds of the Southern Hemisphere
with inherent weakening of the equatorial upwelling. These

anomalies are shown to be closely tied to the ‘Southern
Oscillation’ of Sir Gilbert Walker.”

Bjerknes, 1969, p.169
Bjerknes thus showed that El Nifio was not a local phenomena, but
instead basin-wide (Glantz, 2001). Bjerknes’ conclusions effectively
ended the lull in Southern Oscillation and El Nifio research that had
been in place since the 1940s, and the first scientific workshop

specifically on El Nifio took place in December 1974, paving the way



for further research into the timing and causes of this important

climate/weather phenomena.

Research SUMMARY

This research focuses on the effects of El Nifio on the Pacific
equatorial ocean basin around 143°W. This thesis examines the effects
of El Nifo as witnessed in two cruises of the SSV Robert C. Seamans
between Papeete, Tahiti and Honolulu, Hawaii between February and
May of 2003. These effects are compared with those seen by Wyrtki

and Kilonski (1984) and Johnson (2002).
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Figure 1.1. The Southern Oscillation Index from January 2002 through
December 2003 showing the standardized sea level pressure over time.
Negative (blue) values indicate EI Nifio conditions and positive (red) values
indicate La Nifia conditions.



This thesis demonstrates that data collected while on the
Robert C. Seamans reflect the waning of an El Nifio cycle. This can be
seen both in the Southern Oscillation Index (Figure 1.1) and in the
trends of the currents that were modeled using geostrophic techniques.
Geostrophic techniques use the balancing of the Coriolis force with the
pressure gradient of the sea surface slope to approximate the velocity,
direction and volume of current transport. Presently, there are many
more accurate ways of measuring currents than by geostrophic
methods, but these methods are often more expensive and logistically

prohibitive.
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shows a noticeable decrease in the countercurrent velocities and an

increase in the SEC and NEC westward velocities. In particular, the
South Subsurface Countercurrent, a very strong and shallow current,
similar to the EUC, and with higher temperatures and lower salinities
than found by Wyrtki and Kilonski (1984), was observed during the
southern portion of cruise 186 from Papeete, Tahiti to Nuku Hiva,
Marquesas and on towards Honolulu, Hawaii (from ~20 S to 20 N and

along ~143 W) in April 2003.



