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Abstract. Zonal and meridional Seasoar sections centered at 1ø50•S, 156ø06•E 
were repeated >30 times in three 20-day periods between Nove. mber 13, 1992, and 
February 15, 1993. Both sections were 130 km long, and sampling depth was 0- 
280 m, with a vertical resolution of •-2 dbar (2 x 104 Pa) and a horizontal resolution 
of •-3 km. The observed fields are complex and variable and are summarized 
graphically in several forms. Characteristics of the near-surface layer varied with 
the local winds which were variable and weak (< 6 m s -1) during the first 20-day 
period, strong and westerly (>10 m s -1) during much of the second, and moderate 
and westerly (4-10 m s -1) during most of the third. Near-surface temperatures 
were warmest (up to 30øC) during the first period and coldest (often <29øC) 
during the second. Thermal stratification in the near-surface layer was strong under 
weak winds and weak under strong and moderate winds. Except during and after 
heavy rainfall, salinity stratification in the near-surface layer was generally weak. 
Surface salinity generally decreased toward the north. The depth of the surface 
isopycnal layer was often but not always limited by salinity stratification; the surface 
isohaline layer was shallower than the top of the thermocline throughout. Strong 
lateral temperature and salinity gradients occurred on a few occasions. Increased 
wind stress was associated with lateral homogenization as well as vertical mixing. 
Structure and water properties of the thermocline also varied between cruises and 
within each cruise. The upper thermocline was shallowest in late January after 
prolonged easterly winds. Isotherms in the upper and midthermocline (20ø-25øC) 
sloped generally upward to the north, while those in the lower thermocline (12 ø- 
14øC) sloped down to envelop the core of the Equatorial Undercurrent, which 
shoaled (from 225 to 160 m) and warmed (from 15øto 20øC) between the first 
and last survey periods. Mesoscale and fine-scale water mass features were usually 
recognizable in sections less than a few days apart and migrated eastward at 
about 0.3 m s -1. There is a remarkably high degree of nonstationarity in these 
thermohaline fields from the Warm Pool of the western Pacific Ocean. 

1. Introduction 

Progress in understanding ocean-atmosphere interac- 
tion in the warm pool of the western equatorial Pacific 
Ocean had been hindered by insufficient knowledge of 
the variability of both atmosphere and ocean over suit- 
ably small space scales and timescales, and a large in- 
ternational Coupled Ocean-Atmosphere Response Ex- 
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periment (COARE), conducted as part of the Tropi- 
cal Ocean-Global Atmosphere (TOGA) program, was 
designed to fill this vacuum. The program included 
complementary sampling of both atmosphere and up- 
per ocean over a four-month intensive observation pe- 
riod (IOP) lasting from November 1992 through Febru- 
ary 1993 [Webster and Lukas, 1992]. Both oceano- 
graphic and meteorological observations were concen- 
trated in an intensive flux array (I'FA) centered at 
1ø45•S, 156ø00•E [Webster and Lukas, 1992; Parsons 
et al., 1994]. The oceanographic component included 
studies of ocean mixing, measurements from surface 
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and subsurface moorings, and both current and hydro- 
graphic observations from several stationary ships and 
a few survey ships [Moum and Caldwell, 1994; Webster 
and Lukas, 1992]. As part of COARE, we made fre- 
quently repeated high-resolution hydrographic observa- 
tions during three month-long cruises of the R/V We- 
coma to study the horizontal structure of time-varying 
upper ocean thermohaline and velocity fields at the 
center of the IFA; these surveys were designed to re- 
solve zonal and meridional scales of 10 to 100 km and 

timescales of a few days to a few months. Results de- 
scribed in this paper show that temperature and salinity 
fields were remarkably nonstationary, both in the sur- 
face layer and in the main thermocline. 

Each of the three Wecoma survey cruises (W9211A, 
W9211B, and W9211C) included measurements of the 
temperature, salinity, and velocity distribution in the 
upper 300 m of the ocean and continuous meteorolog- 
ical measurements of wind, air temperature, humidity, 
etc. Sampling focused on frequent repetition of a Stan- 
dard Butterfly Pattern consisting of a meridional sec- 
tion along 156ø06tW and a zonal section along 1ø50tS, 
each 130 km long, connected by diagonal sections in 
the southwestern and northeastern quadrants of the 
COARE IFA (Figure 1, Table 1). 

The center of our sampling pattern and of the COARE 
IFA, at • 1ø45tS, lies about 160 km off the equator. 
This distance is less than the equatorial radius of de- 
formation for first-mode baroclinic perturbations [Gill, 
1982], and thus our repeated sections lie on the south- 
ern flank of equatorial phenomena such as the Equato- 
rial Undercurrent and internal Kelvin waves. Historical 

observations in this region [Toole et al., 1988; Tsuchiya 
et al., 1989; Richards and Pollard, 1991; McPhaden et 
al., 1992] and the average of 18 cross-equatorial sections 
made during COARE [Eldin et al., 1994] all show the 
same basic structure as long sections made by Wecoma 

Table 1. Positions of Apices and Intersection of the 
Standard Butterly Pattern Used for Seasoar Sections in 
the COARE Intensive Flux Array Throughout Most of 
the Three COARE Survey Cruises, W9211A (November 
8 to December 8, 1992), W9211B (December 12 to Jan- 
uary 16, 1993), and W9211C (January 22 to February 
22, 1993) 

Way point Latitude Longitude 

SBN 1ø14•S 156ø06•E 
SBS 2ø26•S 156ø06•E 
SBW 1ø50•S 155ø30•E 
SBE 1ø50•S 156ø42•E 

I 1 o 50 • S 156 ø 06•E 

Figure 2' a rather thick (>30 m) layer of very warm 
(•28øC) surface water extending many degrees north 
and south of the equator; isotherms in the thermocline 
(•-14ø-23øC) spreading apart within •-2øof the equator, 
away from the core (at •-200-m depth) of maximum 
eastward flow in the Equatorial Undercurrent (EUC); 
and a subsurface tongue of hi•h-salinity South Pacific 
water tending northward across the equator at a depth 
of •-150 m, with maximum salinity decreasing from 
•35.6 psu at 5øS to •-34.8 psu at •-5øN and interleav- 
ing layers extending meridionally for •100 km. The 
typical width of the EUC seems to be about 200 km, 
typical core velocities are 0.3-0.5 m s -1 and the center 
of the core usually lies between løN and løS [Tsuchiya 
et al., 1989; Richards and Pollard, 1991; McPhaden 
et al., 1992; Eldin et al., 1994]. The strength of the 
EUC varies from <0.1 to •0.6 m s -1 on timescales 

of months [McPhaden et al., 1990, 1992; McPhaden, 
1993]. Our observations are consistent with this de- 
scription o• the EUC' eastward velocities of •0.3 m s-1 
in a broad core between IøN and 1øS in early Decem- 
ber and •0.6 m s -1 in an apparently narrow core near 
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Figure 1. Location of the Standard Butterfly Pattern within the COARE outer sounding array 
(dashed lines, left panel) and the intensive flux array (solid lines, left panel), and its relation to 
the moorings near the center of the COARE intensive flux array (right panel). 
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Figure 2. (top) Temperature, (middle) salinity, and (bottom) zonal velocity from long Sea- 
soar/ADCP sections along 156.1øE: (left) December 1-3 and (right) January 10-12. Shading in- 
dicates temperatures of 14ø-15øC and 20ø-21øC; salinities of >35.2 (dark) and 35.1-35.2 (light), 
and westward flow (light, 0.0 to -0.4 m s -1, dark, <0.4 m s-1). 

1ø45•S in January (Figure 2). Above the EUC, there 
is usually a broader layer of westward flow with core 
velocities of •0.3 m s-1; this westward flow sometimes 
has a maximum at a depth of •125 m [Tsuchiya et al., 
1989; McPhaden et al., 1992] as it did in early Decem- 
ber (Figure 2), and sometimes extends to the surface 
[Tsuchiya et al., 1989; Richard} and Pollard, 1991] as 
it did in January (Figure 2). Westward velocities of 
>0.4 m s -1 at the core (Figure 2) are within the range 
of historical values [ Tsuchiya et al., 1989; McPhaden et 
al., 1992]. 

Historical observations indicate that equatorial sur- 
face salinities and surface currents are quite variable. 
Sometimes there is a local salinity maximum with values 
>35.0 psu on or near the equator [Tsuchiya et al., 1989; 
Richards and Pollard, 1991; McPhaden et al., 1992], 
presumably the result of equatorial upwelling. On other 
occasions, there is a local salinity minimum with values 
<34.1 psu [Toole et al., 1988; Tsuchiya et al., 1989], 

similar to the one observed during COARE (Figure 2) 
[Eldin et al., 1994]; these low salinities seem to be as- 
sociated with eastward surface currents and westerly 
winds [McPhaden et al., 1992]. Equatorial surface cur- 
rents are highly correlated with local winds, at least 
during periods of prevailing westerly winds; an eastward 
jet-like current ("Yoshida jet") with a width of •200 km 
and core velocity of •1.0 m s- develops rapidly after 
the onset of westerly winds [McPhaden et al., 1992]. 

The COARE IOP occurred within one of the longest 
E1 Nifio-Southern Oscillation (ENSO) events on record 
[Halpert et al., 1994]: the Southern Oscillation Index 

(SOI) fell below normal early in 1991 and remained so 
through at least October 1993. The SOI reached a deep 
minimum (indicating the mature phase of ENSO) in 
early 1992 and returned to near normal for a few months 
in mid-1992 before falling again in late 1992 [Lukas et 
al., 1995b]. Large-scale monthly mean winds over the 
COARE domain were westerly during the mature phase 
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of ENSO in late 1991 and early 1992, easterly during the 
relaxation from ENSO between March and September 
1992, near zero during the first half of the COARE IOP, 
and westerly again during the second half of the IOP 
[Lukas et al., 1995b]. The 20øC isotherm shoaled by 
•-20 m in late 1991, during the mature phase of ENSO, 
and remained shallower than normal through the end 
of the COARE IOP [Halpert et al., 1994; McPhaden, 
1993; Eldin et al., 1994]. 

The three Wecoma survey cruises within the COARE 
IOP were conducted under quite different weather re- 
gimes [Weller and Anderson, 1996]. Just prior to our 
surveys, there had been a prolonged burst of moderate 
westerlies in late October and early November. Dur- 
ing our first survey period, winds were generally weak 
with net surface heating and little rainfall; these gen- 
erally calm conditions were interrupted only by a brief 
burst of moderate westerlies on November 24-25. Low 

winds and net heating continued until December 10, 
when there was another burst of moderate westerly 
winds that ended a few days before the beginning of 
our second survey period. A series of three strong west- 
erly wind bursts occurred between December 20 and 
January 2, coinciding with the first half of our second 
survey period; these were followed by calm winds and 
heavy rain. Between our second and third survey peri- 
ods, winds were generally from the southeast, i.e., favor- 
able for equatorial upwelling. Westerly winds resumed 
on January 27, at the beginning of our third survey 
period. Moderate westerly winds with frequent strong 
squalls prevailed from late January through the entire 
month of February. 

In this paper we provide a summary of our hydro- 
graphic sampling and an overview of the spatial struc- 
ture and temporal variability of the temperature, salin- 
ity, and density fields measured along the zonal and 
meridional sections. As this is the first hydrographic 
data set obtained from pumped Sea-Bird temperature 
and conductivity sensors in an undulating Seasoar vehi- 
cle, data acquisition and processing procedures are also 
summarized briefly in section 2. In section 3, we show 
overall time-averaged vertical sections along the merid- 
ional and zonal lines and discuss the average properties 
of the principal layers (surface layer, thermocline, ther- 
mostad, salinity maximum). In section 4, we compare 
cruise-averaged sections for each of the three survey pe- 
riods, corresponding to three rather different weather 
regimes. In section 5, we examine the temporal vari- 
ability on timescales of days to weeks by plotting the 
properties of selected isobars, isotherms, and isopycnals 
and discuss the behavior of the principal layers. The 
structure of the surface layer is further discussed in sec- 
tion 6, and the most important results are summarized 
in section 7. 

2. Observations and Data Processing 

The objective of our surveys was to measure the time- 
varying thermohaline fields of the upper ocean at the 

center of the COARE IFA, and our sampling plan was 
designed to resolve zonal and meridional scales of 10 to 
100 km, vertical scales of a few meters, and timescales of 
a few days to a few months. The surveys were designed 
to complement time series observations from moorings 
and stationary ships: though fixed platforms provide 
better temporal resolution, they can resolve only a few 
spatial scales. We chose a butterfly pattern with its 
intersection as close as practical to the IMET mooring 
and nearly stationary R/V Moana Wave at the cen- 
ter of the IFA. The long sections of the butterfly were 
oriented in the zonal and meridional directions, paral- 
lel and transverse to the predominantly zonal equato- 
rial currents, and connecting diagonal sections were in 
the northeast and southwest quadrants (Figure 1). Al- 
most all of our sampling was done while underway at 
7-8 knots (4 m s -1), traveling south along the merid- 
ional (N2S) line and east along the zonal (W2E) sec- 
tion. Sampling included standard meteorological ob- 
servations and underway current profiling, as well as 
upper ocean temperature and salinity measurements. 
The length of the orthogonal sections was limited to 
•-130 km to allow for completion of the entire pattern 
in •1.5 days, with multiple repetitions per week. 

Since Wecoma was based in Guam, there was a long 
transit at the beginning and end of each cruise, and 
on some of these transits we were able to make a 

long cross-equatorial Seasoar section along 156øE (Fig- 
ure 2); the remaining time (•-20 days) was spent in 
the COARE IFA. During each of the three Wecoma 
cruises, we sampled repeatedly along the Standard But- 
terfly pattern (Figure 1, Table 1)with a towed undu- 
lating vehicle, Seasoar, equipped with a conductivity- 
temperature-depth (CTD) unit. The Seasoar vehicle, 
manufactured by Chelsea Instruments, resembles the 
vehicle described by Pollard [1986], but we used a Sea- 
Bird CTD with ducted temperature and conductivity 
sensors rather than a Neil Brown CTD. Seasoar towing 
speed was 7-8 knots (4 m s-l). Minimum and maxi- 
mum sampling depths were usually •3 m and •270 m, 
respectively. The cycling rate was 6-8 undulations per 
hour, yielding a horizontal resolution of •3 km. The 
Seasoar tows had a typical duration of 2-5 days. De- 
tails of the Seasoar operations have been presented in a 
series of data reports [Huyer et al., 1993, 1994; O'Malley 
et al., 1994]. Since this was the first field use of pumped 
Sea-Bird sensors in a Seasoar vehicle and conventional 

CTD processing procedures proved not to be fully ad- 
equate, sensor configuration and modified processing 
procedures are summarized here. 

Seasoar was equipped with dual-ducted Sea-Bird 
(SBE) temperature (T) and conductivity (C)sensors 
mounted inside the nose, with intake and outlet ports 
(•-0.05 m apart) on each side of the lower nose. Extra 
tubing between the intake and the standard SBE duct 
was •-0.08 m long. Water was pumped through each 
duct by an SBE submersible pump. Raw 24-Hz CTD 
data from Seasoar and unfiltered position and time data 
from the Global Positioning System (GPS) were ac- 
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quired and archived simultaneously. For in situ conduc- 
tivity calibration, conventional CTD casts were made 
before and after each Seasoar tow, and salinity sam- 
ples from Wecoma's 5-m intake were collected once per 
hour. The sample data were paired with near-surface 
(3.0-5.5 m) Seasoar values, and conductivity corrections 
were determined from regression of Seasoar conductiv- 
ity on sample conductivity, separately for each tow and 
sensor pair. 

Lueck and Picklo [1990] have shown that salinities cal- 
culated from Sea-Bird ducted T-C sensors are subject to 
error from two main sources: a finite time lag between 
the temperature and conductivity measurements and a 
finite transfer of heat from the mantle of the conduc- 

tivity cell to the water flowing through it. In a conven- 
tional SBE CTD, these errors are reduced by pumping 
the water through the ducted pair at a fixed rate and 
by applying a fixed T-C alignment offset and a thermal 
mass correction with fixed vales for the time constant 

and amplitude parameters to the raw 24-Hz data [Sea- 
Bird Electronics, 1992]. Even though we used the stan- 
dard SBE duct with high-speed pumps, the flow rate 
through the sensors mounted inside the Seasoar vehicle 
was apparently not constant, presumably because of dy- 
namic pressure gradients which varied with vehicle at- 
titude and relative currents [Huyer et al., 1993]. Cross 
correlation between 24-Hz T and C data indicated that 

the T-C lags (and flow rate) varied significantly and 
that the data should be realigned accordingly. Mori- 
son et al. [1994] have found that flow rate also affects 
the rate of heat transfer from the conductivity cell and 

20 November 5 January 5 February 

conclude that both the amplitude parameter and the 
time constant of the thermal mass correction are re- 

lated to flow rate. For the COARE data set, we found 
that varying the value of the amplitude constant was 
sufficient to remove most of the systematic difference 
between successive ascending and descending profiles, 
with no appreciable improvement from using a variable 
time constant. 

The entire Seasoar data set was therefore reprocessed 
as follows: by calculating the T-C lags for consecutive 
data segments in specified depth ranges; using the time 
series of lags to offset the 24-Hz conductivity data rela- 
tive to the temperature data within each segment; ap- 
plying the appropriate conductivity calibration equa- 
tions; applying Lueck's [1990] correction for the ther- 
mal mass of the conductivity cell, with the value of the 
amplitude parameter related to the T-C offset for each 
data segment; and finally block averaging the data to 
1-Hz values. Since the salinity data from descending 
profiles sometimes exhibited high-frequency noise that 
was absent from ascending profiles, we use only data 
from ascending profiles for all three cruises. We esti- 
mate the processed Seasoar CTD data to be accurate 
to -F0.01øC in temperature, -F0.01 psu in salinity, and 
:El dbar (:El0 kPa) in pressure. 

The basic Seasoar data set discussed in this paper 
consists of the 1-Hz temperature, salinity, and density 
data from ascending Seasoar profiles. A representa- 
tive ensemble of vertical profiles for a single meridional 
(N2S) section from each cruise is shown in Figure 3. For 
some analyses, the data were placed on a fine-resolution 
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Figure 3. Samples of Seasoar data from the COARE IFA: (left) vertical distributions (plotted 
from 2-nm, 2-dbar gridded data) and (right) ensemble profiles (1-Hz data) of (top) temperature, 
and (bottom) salinity, for one N2S line from each cruise. Profile axis labels apply to the November 
20 data; the January 5 profiles are offset by 10øC and 1.5 psu, and the February 5 profiles are 
offset by 20øC and 3.0 psu. 
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Table 2. Times of Complete Meridional (N2S) Sections of the Standard Butterfly Pattern 

W9211A W921 lB W9211C 

0755 to 1938, Nov. 13 a 
0627 to 1534, Nov. 15 

1652, Nov. 17 to 0118, Nov. 18 
2325, Nov. 18 to 0754, Nov. 19 

0605 to 1508, Nov. 20 
1107 to 2032, Nov. 22 

1854, Nov. 23 to 0258, Nov. 24 
0435 to 1431, Nov. 25 
1242 to 2215, Nov. 26 

2102, Nov. 27 to 0645, Nov. 28 
2023 Nov. 29 to 0550, Nov. 30 

0421 to 1330, Dec. 1 
1734, Dec. I to 0229, Dec. 2 c 

1945, Dec. 20 to 0516, 21 Dec. 
0553, Dec. 22 to 1653, Dec. 22 
0346, Dec. 24 to 1323, Dec 24. 
1138, Dec. 25 to 2120, Dec. 25 
1238, Dec. 27 to 2225, Dec. 27 
2209, Dec. 28 to 1721, Dec. 29 b 
1607, Dec. 30 to 0124, Dec. 31 
2358, Dec. 31 to 0922, Jan. 1 
1349, Jan. 2 to 2316, Jan. 2 
1224, Jan. 3 to 2343, Jan. 3 
1336 Jan. 5 to 2311, Jan. 5 
2123, Jan. 6 to 0728, Jan. 7 
1017, Jan. 8 to 2017, Jan. 8 

0917, Jan 27. to 1827, Jan. 27 
1930, Jan. 28 to 0430, Jan. 29 
0945, Jan. 30 to 1926, Jan. 30 
1827, Jan. 31 to 0358, Feb. 1 
0320, Feb. 2. to 1221, Feb. 2 
0604, Feb. 4 to 1524, Feb. 4 
1425, Feb. 5 to 0015, Feb. 6 
2200, Feb 7. to 0820, Feb. 8 

0803 to 1824, Feb. 9 
1819, Feb. 10 to 0452, Feb. 11 

0433 to 1456 Feb. 12 

0151 to 1139, Feb. 14 

Times are given in UT. Almost all sections were southward along 15ø06'E from SBN (1ø14'S) to SBS (2ø26'S). 
aNorthern portion of section was along 155 ø 56•E. 
bSection was interrupted by Seasoar recovery and deployment. 
CSection was northward from SBS to SBN. 

grid by block averaging horizontally over 2 minutes of 
latitude or longitude (2 nm) and vertically over either 
2-dbar pressure bins (e.g., Figure 3) or over 0.1 kg m -3 
increments of the density anomaly (at). Although data 
tend to be relatively sparse near the surface, at depths 
>230 m, and at the extreme ends of each line, almost 
all 2-dbar grid points above 250 dbar were sampled in 
> 75% of the sections. The overall Seasoar data set 

from the three cruises includes a total of 38 complete 
sections along the meridional (N2S)line (Table 2) and 
33 complete sections along the zonal (W2E) line (Ta- 
ble 3). Each section was usually completed in about 9 
hours. 

Upper ocean currents were measured along the ship's 
track [Lukas et al., 1995a] with a 150-kHz RD Instru- 
ments acoustic Doppler current profiler (ADCP). Dual 

G PS receivers were used to determine ship's heading 
and to correct for gyro heading errors. The nominal 
depth range is 20-300 m. Vertical resolution was nom- 
inally 8 m, from data from 8-m bins with 16-m pulse 
length (W9211A) or 8-m pulse length (W9211B, C). 
The processed velocity data are accurate to better than 
0.02 m s -• on horizontal scales greater than 10 km. 

3. Spatial Structure of Time-Averaged 
Fields 

Although our sections are short (,,•130 km) compared 
to the equatorial radius of deformation (,,•200 km), sig- 
nificant horizontal structure is discernible in the time- 

averaged thermohaline fields. Time averages and tem- 
poral standard deviations for the entire three-cruise pe- 

Table 3. Times of Complete and Nearly Complete Zonal (W2E) Sections of the Standard Butterly Pattern 

W9211A W921 lB W9211C 

0814 to 1808, Nov. 14 
0329 to 1038, Nov. 17 • 
0723 to 1647, Nov. 18 
1422 to 2310, Nov. 19 
0242 to 1206, Nov. 23 
0925 to 1755, Nov. 24 

2120, Nov. 25 to 0525, Nov. 26 
0505 to 1353, Nov. 27 

1330, Nov. 28 to 1323, Nov. 29 b 
1225 to 2123, Nov. 30 

2019, Dec. 19 to 0227, Dec. 20 • 
1217 to 2048, Dec. 21 
0000 to 0827, Dec. 23 

2026, Dec. 24 to 0455, Dec. 25 
2017, Dec. 26 to 0526, Dec. 27 

0532 to 1450, Dec. 28 
0018 to 0846, Dec. 30 
0826 to 1715, Dec. 31 

1602, Jan. 1 to 0007, Jan. 2 
2230, Jan. 4 to 0639, Jan. 5 

0603 to 1443, Jan. 6 
1354 to 2234, Jan. 7 
0250 to 1139, Jan. 9 

0143 to 1207, Jan. 28 
1646, Jan. 29 to 0225, Jan. 30 

0238 to 1112, Jan. 31 
1124 to 2015, Feb. 1 
1410 to 2304, Feb. 3 

2230, Feb. 4 to 0719, Feb. 5 
0747 to 1641, Feb. 6 

1524, Feb. 8 to 0114, Feb. 9 
0200 to 1128, Feb. 10 
1207 to 2135, Feb. 11 
0845 to 1856, Feb. 13 

1833, Feb. 14 to 0456, Feb. 15 

Times are given in UT. All sections were easthward along 1ø50'S from SBW (155ø30'E) to SBE (156ø42'E). 
•Partial section only, completed with CTD stations. 
•Section was interrupted by Seasoar recovery and deployment. 
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riod (November 13, 1992 to February 15, 1993) were 
calculated from both the 2-dbar pressure-gridded data 
and the 0.1 kg m -a density-gridded data. Averages 
of pressure-gridded data (i.e., along isobars) are more 
appropriate for comparison with data from moored in- 
struments and for studying layers with very weak strat- 
ification. Averages of density-gridded data (i.e., along 
isopycnals) are more appropriate for studying water 
mass characteristics. As might be expected from the 
close proximity to the equator, these fields show asym- 
metry in the meridional plane and lateral homogeneity 
in the zonal plane. 

Vertical profiles of temperature, salinity, and den- 
sity anomaly at the four corners of our sampling pat- 
tern Figure 4 show the characteristic structure of the 
western equatorial Pacific. The surface layer is rather 
thick (>30 m), very warm (>28øC), relatively fresh 

(•34.5 psu), nearly isothermal, and weakly stratified in 
salinity [Lukas and Lindstrom, 1991]; the surface salin- 
ity was slightly lower than normal and about the same 
as observed after strong westerly winds in early 1986 
[Eldin et al., 1994]. The very steep thermocline, with 
temperature decreasing •15øC in 200 m [Toole et al., 
1988], contains the broad subsurface salinity maximum 
[Richards and Pollard, 1991]; Eldin et al. [1994] note 
that the upper thermocline in this period was 10-40 m 
shallower than climatology, consistent with the ongo- 
ing E1 Nifio conditions. The deep thermostad (250 to 
300 m) is about 1øC colder than suggested by its his- 
torical name (Thirteen Degree Water [e.g., Tsuchiya, 
1981]), which is more appropriate in the eastern Pa- 
cific. Statistics of the pressure-gridded temperature, 
salinity, and density (Figure 4) show maximum vari- 
ability at depths with the strongest vertical gradients 
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Figure 4. Profiles of the average and standard deviation of (top) temperature, (middle) 
salinity, and (bottom) sigma-t near the four corners: SBN (heavy line), SBS (thin line), SBW, 
(thin dotted line), and SBE (heavy dotted line). Statistics were calculated from both the (left) 
pressure-gridded data and (right) density-gridded data. 
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and the standard deviation of isopycnal displacement is 
10-15 m through most of the water column (Figure 4). 
The isopycnal standard deviations of temperature and 
salinity are very small (<0.2øC, •-0.05 psu), except in 
the core of the salinity maximum (23.5 to 26.3 crt) and 
at the top of the surface layer (or t <21.5). 

The average profiles for the four corners are remark- 
ably similar (Figure 4): the profiles from the western 
and eastern corners do not differ significantly at any 

depth, and differences between the northern and south- 
ern corners are small at most depths. The surface layer 
has virtually the same temperature at all four locations: 
differences among profiles (<0.15øC) are less than the 
standard deviation at each location. Surface salinity is 
0.05 psu higher in the south (at SBS) and 0.05 psu lower 
in the north (at SBN) than at either the western (SBW) 
or eastern (SBE) corners; this latitudinal salinity gra- 
dient might be expected from the usual position of the 
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Intertropical Convergence Zone north of the equator, 
though surface salinities on the equator are sometimes 
raised by equatorial upwelling [Toole et al., 1988]. Wa- 
ters in the upper thermocline are warmer and lighter 
at SBS than at SBN, while waters in the lower thermo- 
cline are colder and denser at SBS than at SBN; these 
gradients are consistent with geostrophic shear above 
and below the core of the EUC. The salinity maximum 
is more intense (by 0.2 psu) and much less variable at 
SBS than SBN. The deep thermostad (250 to 300 m) is 
cooler (by 0.6øC) and slightly fresher (by 0.03 psu) in 
the south than in the north (Figure 4). 

Vertical sections (Figures 5 and 6) show that merid- 
ional variations are generally monotonic with latitude, 
though the sign changes with depth. Zonal gradients are 
comparatively weak and generally insignificant. Within 
the upper 60 m, the average salinity decreases north- 
ward toward the equator, and the top of the halocline 
(at --34.3 psu) slopes down toward the north. Within 
this surface layer, the average temperature has very 
weak stratification (<0.01øC m -1) and no systematic 
meridional gradient. Within the thermocline, the 19øto 

24øC isotherms slope up toward the equator, and the 
12 ø to 13øC isotherms slope down toward the equator, 
while the 15 ø to 17øC isotherms are very nearly level. 
Isopycnals generally parallel the isotherms (Figure 5). 
Through geostrophy and the thermal wind relation, the 
average temperature and density sections suggest that 
the core of the EUC was near the 16øC isotherm, at a 
depth of about 200 m; this is consistent with the average 
distribution of currents measured by the ship's acous- 
tic Doppler current profiler (Figure 7), which shows 
strongest eastward flow (•0.35 m s -1) at a depth of 
--175 m at the north end of our section. 

The subsurface salinity maximum (S •35.3 psu) lies 
within the layer of upward sloping isotherms and isopy- 
cnals at depths between 120 and 200 m (Figures 5 and 
6). Because of the vertical excursion of isopycnals, this 
feature appears to be less intense and thicker when sec- 
tions are averaged on isobars (Figure 5) rather than 
isopycnals (Figure 6). The isopycnal averaging (Fig- 
ure 6) shows the 35.5 psu isohaline extends through our 
zonal section, to as far north as 1.5øS. The intensity of 
the maximum decreases, while its variability increases 
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toward the north (Figure 6); the regions of maximum 
variability coincide roughly with regions of high vertical 
shear above and below the core of the EUC (Figures 6 
and 7). The salinity maximum and the EUC core lie at 
about the same depth, but water carried by the EUC 
is less saline than water farther south because of up- 
stream dilution with low-salinity North Pacific waters 
[Tsuchiya et al., 1989]. 

4. Cruise-Averaged Sections 

The very different local forcing regimes correspond- 
ing to the three survey periods can be characterized by 
their average wind stress, surface heat flux and precipi- 
tation values (Table 4): calm winds, low rainfall and net 
heating during the first survey period; strong westerly 
winds, high rainfall, and net cooling during the second; 
and ]noderate northwesterly winds, moderate rainfall, 
and n9 net heating or cooling during the third. To see 
whether these cruise-to-cruise weather differences were 

reflected in the upper ocean, temporal averages of the 
thermohaline fields were calculated separately for each 
cruise, using both the pressure-gridded data and the 
density-gridded data. Results (Figures 8, 9, and 10) 
are shown for the meridional section only, since cruise- 
averaged properties at all locations on the zonal section 
are similar to those near the midpoint of the meridional 
section. 

Cruise-to-cruise differences in surface layer properties 
(Figures 8 and 9) are consistent with differences in the 
mean winds and surface fluxes (Table 4). Although the 
surface layer was very warm (>28.5øC) in all three sur- 
vey periods, it was distinctly cooler (by -•0.3•C) during 
December 20 to January 9 (Figure 9), the survey pe- 
riod with strongest westerly winds and net heat loss 
(Table 4). The average temperature stratification in 
the upper 50 m was relatively strong (•0.04•C m -1) 
during November 13 to December 2 (Figures 8 and 9), 
the survey period with calm winds and strongest surface 
heating (Table 4); it was nearly absent (<0.01oC m -1) 

Table 4. Average and Standard Deviation of Daily Averaged Wind Stress (Positive Eastward or Northward), 
Precipitation, and Surface Heat Flux (Positive Upward), for Each Survey Period 

< r• >, < % >, r}, r}, < P >, P, < Qr >, 
Pa Pa Pa Pa mm mm W m -2 W m -2 

Nov. 13 to Dec. 2 0.006 0.001 0.015 0.015 1.9 3.6 -66.3 64.4 
Dec. 20 to Jan. 10 0.045 -0.035 0.048 0.032 12.3 17.6 14.6 77.8 
Jan. 27 to Feb. 15 0.034 -0.027 0.022 0.013 4.5 7.8 -1.3 55.9 

Wind stress data (provided by R. Weller) are from the Woods Hole Oceanographic Institution buoy at 1ø45'S, 
156ø00'E. Rainfall and surface heat flux estimates (provided by C. A. Paulson) were obtained from measurements 
aboard Wecoma and do not include the heat flux by rainfall. 
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during December 20 to January 9, the survey period 
with strong westerly winds and net surface cooling. In 
all three survey periods, the surface layer was very fresh 
(<34.3 psu) compared to the underlying thermocline 
waters, and near-surface salinities decreased toward the 
north end of the line (Figures 8 and 9); both are consis- 
tent with the absence of equatorial upwelling. The near- 
surface salinity stratification was stronger during the 
second survey period (Figure 9) when rainfall was high 
(Table 4). The zonal component of the near-surface cur- 
rents was eastward during all three cruises (Figure 10) 
and was especially strong (>0.3 m s -•) during the sec- 
ond survey period, when an eastward Yoshida jet devel- 
oped in response to the local westerly winds [Lukas et 
al. , 1995a]. 

The thermocline remained at about the same depth 

(70 to 230 dbar) during the three survey periods (Fig- 
ures 8 and Figure 11), except that the 13øC isotherm 
at the bottom of the thermocline at SBS was -•10 
dbar shallower during the third period (Figures 8 and 
11). The equatorward spreading of isotherms within 
the thermocline shoaled significantly between Novem- 
ber and January: the horizontal isotherm changed from 
15øC at 220 m during the first survey period to 17øC 
at 190 m during the second and 20øC at 160 m during 

the third (Figure 11). The meridional scale of this av- 
erage isotherm spreading is of O(100 km); the depth of 
the sign reversal in the meridional temperature gradient 
shoaled from -•220 to -•160 dbar and warmed from -•14 
to -•20øC (Figure 8). These changes and their scale are 
roughly consistent with the shoaling of the core of the 
EUC from -•190 to -•150 m (Figure 10). The average 
zonal velocity at the core of the EUC also intensified, 
particularly at the northern end of our N2S line, where 
it changed from about 0.25 m s- • during the first survey 
period to >0.5 m s -• during the third (Figure 10). 

The structure and intensity of the subsurface salin- 
ity maximum also changed significantly (Figures 8 and 
11). During all three cruises, the salinity maximum was 
most intense at SBS, the southern end of the N2S line. 
The depth of maximum salinity at SBS shoaled slightly 
(from 170 dbar during W9211A to about 145 dbar dur- 
ing W9211C, Figure 8) and lay within the layer of up- 
ward sloping isotherms (OT/Oy < 0), just above the 
core of the EUC during all three survey periods. Dur- 
ing the second survey, when the EUC was apparently 
centered at about 1.5 ø S (Figure 10), the structure of 
the high-salinity core was more complex, and the max- 
imum salinity at SBN was lower (Figures 8 and 11). 
During the third survey period, the EUC core lay far- 
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ther north (Figure 10), and the intense salinity maxi- 
mum layer extended along the entire length of the N2S 
section (Figure 11). 

The most surprising result of comparing these cruise- 
averaged sections is that the core of EUC (represented 
by spreading isotherms and isopycnals) migrates across 

isotherms as well as in depth. Variations in the depth 
of the thermocline and in the strength and depth of 
the EUC have previously been observed in this region 
[McPhaden et al., 1990, 1992; McPhaden, 1993] and 
can be explained in terms of a propagated response 
to remote forcing and large-scale pressure gradients 
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[McPhaden et al., 1990; Kessler and McPhaden, 1995]. 
We know of no dynamical models that include a mech- 
anism for the EUC to migrate across isotherms. 

5. Temporal Variability 

A central purpose of the Wecoma surveys was to mea- 
sure the temporal variability of the zonal and meridional 
structure on scales of 5-100 km during the COARE 
IOP. Since each occupation of the butterfly sampling 
pattern lasted about 32 hours, and the average re- 
peat time was <2 days within each •020-day survey pe- 

riod, our data can be used to study local-variations on 
timescales of 2-20 days, as well as the spatial differences 
between cruises. Data from the moored array and sta- 
tionary ships are more suitable for time series analysis, 
but these platforms provide very limited spatial infor- 
mation. Results from the moorings [Weller and An- 
derson, 1996; Eriksen et al., 1995a, b; Kutsuwada and 
Inaba, 1995] and stationary ships [Smyth et al., 1996a, 
b; Wijesekera and Gregg, 1996] show there is significant 
variability on both the long timescales (days to weeks) 
that can be resolved by the Wecoma sampling and on 
shorter timescales (<1.5 days) that were not resolved 
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in our sampling. Much of the high-frequency variabil- 
ity is due to semidiurnal internal waves and to diurnal 

cycling in the near-surface layers [Mourn and Caldwell, 
1994]; these and other high-frequency signals might ap- 
pear as noise in our data. In this presentation of the 
temporal variability of the upper ocean in the COARE 
IFA, we include sampling time as an independent vari- 
able and use a variety of techniques to reduce the noise 
from high-frequency signals; these are described in the 
appropriate subsections. 

5.1. The Near-Surface Layer 

Water above the main pycnocline was usually well 
mixed or very weakly stratified (Figure 12, Plates 1 
and 2) except in the upper 5-10 m, which sometimes 

showed evidence of surface heating or freshening, espe- 
cially when winds were very weak (e.g., November 22, 
January 8) or following high rainfall (e.g., January 8). 
Rainfall that occurred during strong winds (e.g., De- 
cember 20-25) caused slight freshening throughout the 
upper layer, to depths >40 m (Figure 12, Plate 2). 
Thermal stratification of the near-surface layer (Fig- 
ure 12, Plate 1) was generally strong during W9211A 
(November 1992), when weak winds were prevalent. 
Salinity stratification of the near-surface layer was gen- 
erally weak, under both weak and strong winds; strong 
salinity stratification in the upper 10 m was observed 
on only a few occasions (notably January 3-8) immedi- 
ately following very heavy rainfall (Figure 12, Plate 2). 
The near-surface layer was well-mixed during portions 
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of W9211B (late December) and W9211C (early Febru- 
ary) when strong or moderate westerly winds prevailed. 

Water properties at a depth of 20 dbar seem to be 
typical of the upper layer and relatively free of diur- 

nal and tidal variations (Figure 12, Plates I and 2). 
We therefore chose the 20-dbar surface to examine the 
time-varying horizontal structure of the near-surface 
layer. Time-latitude and time-longitude plots of the 20- 
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m temperature and salinity (Figure 13) show a general 
warming and increase in patchiness (at scales of --10- 
30 km) during the first cruise when winds were weak, 
and show general cooling and homogenization during 
the strong westerly winds of the second cruise; the mod- 
erate winds of the third cruise similarly reduce patchi- 
ness. These trends are more obvious in the time series 

of the spatial averages and standard deviations (Fig- 
ure 14); the meridional and zonal averages are indistin- 
guishable, and they are subject to the same trends. 

In general, the large-scale (50-100 km) temperature 
gradients were weak in both zonal and meridional di- 
rections (Figure 13a), but there were some notable ex- 
ceptions. During December 24-27, while winds were 
strong and westerly, a temperature front (28.5øto 29øC) 
migrated 100 km northward. This temperature change 
occurred simultaneously along the entire W2E line, sug- 
gesting that a zonal front moved northward as a result 
of equatorward Ekman transport and equatorial down- 

welling driven by the strong westerly winds. The frontal 
migration rate (--0.3 m s -1) is consistent with the Ek- 
man transport estimate (Tx/f = 1.5 x 10 4 kg m -1 S -1, 
where Tx is the zonal wind stress and f is the Coriolis 
parameter), assuming the transport is distributed over 
the top 60 m. Such a rapid downwelling response is also 
consistent with the rapid formation of the Yoshida jet 
by eastward acceleration of equatorial currents [Eldin et 
al., 1994]. This migrating front seems to be associated 
with large residual cooling in a one-dimensional heat 
budget of surface layers at the center of the IFA [Smyth 
et al., 1996b]. 

A second exception to the generally weak tempera- 
ture gradients was observed in early January, soon after 
the end of the strong westerly wind burst (Figure 13a). 
A small local temperature minimum (T <28.5øC, di- 
ameter --40 km) migrated '50 km northward along the 
southern half of the N2S line during January 5-8 and 
crossed the W2E line on January 9. This local tern- 
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Figure 13. Latitude-time and longitude-time distributions of properties of the near-surface layer 
with time series of daily wind stress: (a) temperature at 20 dbar; (b) salinity at 20 •ibar. Plots 
were made from individual 1-Hz ascending profiles (indicated by dots), interpolated vertically to 
20 dbar. 



HUYER ET AL.' THERMOHALINE FIELDS NEAR 2øS, 156øE 12,767 

b) 

• 0.16 
Z 

>- 0.08 

•' o.oo 

• -0.08 

1.3øS 

1.5øS 

1.7øS 

1.9øS 

2.1 øS 

2.3os 

2.5øS 

156.7øE 

156.5"E 

156.3øE 

156.1øE 

155.9øE 

156.7øE 

155.5øE 

517 

NOV DEC 
15 20 25 50 20 25 50 

NOV 
15 20 25 30 

522 527 552 

DEC 
20 25 30 

1,1,1,1,1,1,1•1,1,1,1,'1,1,1,1,1,• 

JAN JAN FEB 
5 lO 50 5 lO 15 

I I I I I.,I I I I I I I I 

24- 

";'• •......- o 

' -24- 

JAN FEB 
30 5 10 15 

JAN 
5 10 

,I,1,1•1,1,1,1,1 

]1 i i i i i i i i i i i i i i i i i i i i i i i 11 U.,IJ 1,1, œ ,L I k I I .I J'..,•J,,.t,..l L.'.J l "iF"'" ....... '" 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 'Dii: i::•::::::!•::::i::i:'.!:•illiii:i;•i•i•!iilili•!• :::::::::::::::::::::::::::::::::::: 'i•;',•:,•½:•'"•::'::::':::".::•'•" '"":'"'" "::, ..."•• 

337 354 35g 364- 36g 374 595 598 405 408 415 

Figure 13. (continued) 

perature minimum was connected to the bottom of the 
mixed layer, rather than to the sea surface (Figure 12); 
it could result from local upwelling or perhaps from 
mixing by high-velocity shear at the base of the mixed 
layer. Velocity data from a stationary ship adjacent to 
the IMET mooring [Smyth et al., 1996a,b] and from the 
IMET and ADCP moorings [Plueddemann and Weller, 
1994; Kaneko et al., 1993] indicate this cold feature 
was on the southern flank of the decaying eastward jet 
[Lukas and Hacker, 1995]. Like the migrating front, this 
mesoscale feature seems to result in a strong cooling 
episode at the center of the IFA [Smyth et al., 1996b]. 

The near-surface salinity field (Figure 13b) was less 
patchy than temperature (Figure 13a), and it had a 
persistent large-scale (50-100 km) meridional gradient, 
with lower values farther north. A rather sharp salin- 
ity front (at --34.2 psu) migrated north-northeastward 
during November 13-15 and east-southeastward dur- 
ing November 25-30. Northward propagating isoha- 
lines were also observed during December 20-25 and 
February 4-10. Northward migration seems to asso- 

ciated with westerly winds which induce equatorward 
Ekman transport. 

There was little or no correlation between the time- 

space fields of near-surface temperature and salinity 
(Figures 13a and 13b). For example, the two mesoscale 
features that were so obvious in the temperature field 
(i.e., the migrating front seen December 24-27 and the 
cold spot seen January 5-10) had no signature in the 
salinity field. Hence, each of the mesoscale features seen 
in either temperature or salinity is also reflected in the 
density. 

5.2. The Thermocline 

The near-equatorial thermocline is complex, and its 
different aspects (e.g., depth, thickness) can vary in- 
dependently. In this section we describe variations in 
isotherm depth, thermocline thickness, strength of the 
vertical gradients, isotherm spreading, and temperature- 
salinity characteristics. 

In the COARE IFA, the main thermocline coincides 
with a strong pycnocline (Figure 4), and this pycno- 
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Figure 14. Time series of the spatial averages and standard deviations of 20-dbar temperature, 
salinity, and density anomaly (sigma-t) along the N2S and W2E lines, with time series of wind 
stress components in the top panel. Statistics were calculated from the 2-dbar, 2-nm gridded data. 

cline (with •t of -• 22-26 kg m -s) lay in the depth 
range of about 80-200 m throughout the COARE IOP 
Figure 15). Temperature varied nearly monotonically 
with density, with only a few small inversions (Figure 
15). The 28 ø, 20øand 14øC isotherms, lay near the top, 
middle, and bottom of the thermocline (Figures 5 and 
11) respectively, and coincide approximately with the 
22.1, 25.2, and 26.2 kg m -a isopycnals (Figure 15); the 
23øC isotherm lay in the upper thermocline near the 
24.2 kg m -a isopycnal. The depths of some isotherms 
varied with latitude as well as in time Figure 16, and 
the various isotherms do not behave in unison. 

The 28øC isotherm near the top of the thermocline 
was relatively deep (>70 m) during and immediately 
after westerly winds (Figure 16), and it was shallow- 
est (-•5 m) after the period of sustained easterlies last- 
ing from January 7 to 26. These easterly winds were 
quite weak at the center of the IFA, but the TOGA- 
Tropical Atmosphere Ocean (TAO) Atlas moorings at 
2øN, 156øE, and 0øN, 157.5øE [McPhaden, 1995; N. 
$oreide, personal communication, 1994] and the ship- 

board observations from Noroit [Eldin et al., 1994] show 
they covered a large area and were stronger on and 
north of the equator. The resulting equatorial upwelling 
apparently caused uplift of the upper thermocline as far 
south as 2.5øS, i.e., along the entire N2S line. After 
the resumption of moderate westerly winds and equa- 
torial downwelling (on January 26), the 28øC isotherm 
dropped rapidly to a depth of about 80 m and remained 
constant through the remainder of the third survey pe- 
riod. 

Within the main thermocline there were subtle and 
complex variations in isotherm depth (Figure 16). The 
vertical coherence varied from one survey period to 
the next and within survey periods. For example, the 
depths of the 20 ø and 23øC isotherms were in phase dur- 
ing November and late December but out of phase in 
mid-February (Figure 16). In late December and early 
January, temporal changes in the depth of the 14øC 
isotherm seem to mirror those of 23øC isotherm, par- 
ticularly at the northern end of our sampling pattern 
(Figure 16). 
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The main thermocline was typically about 140 m 
thick (Figures 15 and 16), but this thickness varied, 
from more than 160 m in November to less than 120 m 

in early February. 

A surprising feature of the time-depth distribution 
of density (Figure 15) is the growth and disappear- 
ance of weakly stratified layers within the main pyc- 
nocline. During much of the first survey period, the 
vertical density gradient Op/Oz has a rather small range 
(Op/Oz = 0.02 to 0.05 kg m -q, or N = 5 to 10 cph). A 
more nearly uniform layer (with Op/Oz < 0.02 kg m -q, 
N < 9 cph) occurred at at of 24.0-24.5 kg m -• through 
most of November, December 20-30 and January 6-10. 
Another weakly stratified layer occurred at 25.0-25.5 at 
from November 20 to 27 and from December 25 to Jan- 

uary 4. Strongly stratified layers were also ephemeral, 
and occurred at the top of the pycnocline (i.e., the bot- 
tom of the surface mixed layer); strongest stratification 
(N >20 cph) occurred during January 5-10 . 

Latitudinal tilting of isotherms within the thermo- 
cline varied with both depth and time. The upper ther- 
mocline (represented by 23øC) sloped up to the north 
throughout the entire IOP, though the slope varied from 
< 2 x 10 -4 to > 4 x 10 -4 (Figure 16). The midthermo- 
cline (20øC) also sloped up to the north in November, 
December, and early January but had no significant 
slope in February. The lower thermocline (14 ø C) had 

no significant tilt in November but sloped down to the 
north in December, January, and February (Figure 16). 
These slow variations in isothermal tilts seem to be re- 

lated to the zonal currents: the eastward surface cur- 

rent (above •28øC and •70 m), the westward flow at 
the top of the thermocline (•23-28øC and •70-120 m), 
and the eastward EUC (•13-24øC and •120-250 m) all 
accelerated during the westerly wind burst [Lukas et al., 
1995a]. The core of the EUC lay between the 14øand 
23øC isotherms (compare Figures 10 and 11), and the 
thickness of this layer increased with latitude toward 
the equator (Figure 17). 

Water mass characteristics of the thermocline vary 
in complex ways. Temperature-salinity characteristics 
tend to be simplest at the southern end of our sampling 
pattern, where there was almost no temporal variabil- 
ity in water characteristics below the 20øC isotherm 
(Figure 18). Farther north, there is a wide range 
of T-S characteristics in the density range of 23.5 to 
25.5 kg m -3. Within this range, there is a general ten- 
dency for waters to be cooler and fresher farther north 
than waters on the same isopycnal farther south. 

5.3. Salinity Maximum 

Water mass variations can be seen most clearly in 
the structure of the salinity maximum embedded in 
the lower thermocline (Figure 18 and Figure 19). This 
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Figure 17. Latitude-time distributions of the thickness of the layer between the 23ø0 and 14ø0 
isotherms, smoothed with half power at 5 d•ys and 20 km. 
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broad tongue of high-salinity water extends northward 
across the equator (Figure 2) from the South Pacific 
Ocean [Tsuchiya et al., 1989; Richards and Pollard, 
1991], though mean meridional velocities at that depth 
are small (Figures 7 and 10). Both the shape and 
the intensity of the high-salinity core varied during the 

COARE IOP. A subset of individual sections from the 
beginning, middle, and end of each cruise suggests that 
the larger structure (with meridional scales >50 km 
and density range >0.5 kg m -3) tends to persist for at 
least 10 days but that smaller or thinner features have 
shorter timescales. For example, the main tongue of the 
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salinity maximum (with S>35.5 psu, centered at pt - 
25 kg m -a) was nearly unchanged from November 13 
to 22 and remained similar through December 2 (Fig- 
ure 19). Meanwhile, a small secondary salinity inversion 
seen at crt = 24.2 kg m -a and 2.25øS on November 13 
developed into the intense secondary maximum at 1.5øS 
on December 1-2; remnants of this or a similar sec- 
ondary maximum were observed along c4 =24.2 kg m -a 
on December 20. There is substantial eastward flow 

sent at SBS, the southern apex, where salinity almost 
always decreased monotonically away from the maxi- 
mum, both above and below. At the midpoint (I, at 
lø50'S, 156ø06'E), the vertical structure was both more 
complex and more variable; small secondary salinity in- 
versions emerged and faded, and the crt range of the 
layer with S >35.5 psu varied from < 0.1 to > 1 kg m -3 
(Figure 20). Secondary salinity inversions were even 
more common at SBN, the northern apex, and the layer 

at this depth (0.2-0.3 m s -1 in November [Lukas et with S >35.5 psu was transient rather than persistent 
al., 1995a]), and thus the observed changes may reflect there. At all three locations, anomalies tend to migrate 
zonal inhomogeneities as well as meridional variations. upward through the water column in the crt range of 

Figure 20 shows that a very high salinity layer (with 25.5 to 23 kg m -a (Figure 20): such upward migration 
Sma x usually >35.6 and always >35.5) was always pre- is particularly obvious at SBS and I in early January 
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Figure 21. Variation of T-S properties on three isopycnals in the main thermocline (Pt = 23.5, 
24.5, 25.5). Contours are labeled in units of salinity; corresponding values of temperature are 
given in Table 5. (a) The latitude-time distributions for the N2S line along 156ø06•E. (b) The 
longitude-time distributions for the W2E section along 1ø50•S. 
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Figure 21. (continued) 

(d•ys 368-375) •nd •t I •nd SBN in e•rly February 
(d•ys 395-405). 

Time-l•titude •nd time-longitude distributions of 
tempemture-s•linity characteristics on isopycn•ls sp•n- 
ning the s•linity m•ximum •re shown in Figures 21 •nd 
22; though contours •re l•beled as s•linity, e•ch isoh•- 
line •lso represents •n isotherm (T•ble 5). The three 
isopycn•ls shown in Figure 21 sp•n most of the v•ri- 
•bility in T-S characteristics (Figure 18); those shown 
in Figure 22 lie near the core of the m•ximum (Fig- 
ure 19). 

In November, the s•linity •t •t - 25.2 w•s nearly uni- 
form (Figures 18 •nd 22), though there were significant 
l•teml gradients •nd temporal v•ri•bility both •bove 
•nd below this high-sMinity core; w•ters •t •t - 23.5 
were Mso relatively homogeneous •t •,24øC, 35.15 psu 

(Figure 21). A thin intrusion of relatively fresh water 
centered at •t =25.5 (Figure 18) was observed along the 
northern portion of the N2S line from November 19 to 
26, but it did not penetrate as far south as W2E line 
(Figures 21a and 21b). A fairly thick isohaline layer 
centered at about •t = 24.5 (Figure 18) was present 
throughout this period along much of the W2E line 
and at the northern end of the N2S line (Figure 21a 
and 21b). The front separating this relatively fresh 
isohaline intrusion from adjacent waters was narrow 

(10-20 km) and sharp (• 2x 10 -• psu m-l); this front 
seemed to be stationary during November 15-19, mi- 
grating slowly eastward during November 20-24, mi- 
grating rapidly northward (at >0.1 m s -•) beginning 
November 29, and passing the W2E line on November 
30. A much more diffuse but otherwise similar front 
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Figure 22. Variation of T-S properties on isopycnals near the core of the salinity maximum (at 
- 24.8, 25.0, 25.2). Contours are labeled in units of salinity; corresponding values of temperature 
are given in Table 5. (a) The latitude-time distributions for the N2S line along 156ø06•E. (b) 
The longitude-time distributions for the W2E section along 1ø50•S. 

was observed on the •rt - 24.8 and 25.0 isopycnals (Fig- 
ure 22 ) at the lower limit of this intrusion (Figure 18). 
Northward migration of the front coincided with net 
northward currents in the layer between 110 and 180 m 
[Lukas et al., 1995a]. 

In late December and early January, water proper- 
ties on •r t - 23.5 were again nearly uniform, though the 
salinity was slightly higher (by 0.1 psu) than in Novem- 
ber (Figure 21). Relatively fresh water again intruded 
from the north (in late December) into waters of uni- 
formly high salinity (35.5-35.6 psu) between the •r t - 
24.8 and at -- 25.5 isopycnals, and withdrew again in 
early January (Figures 19, 21, and 22); the freshest wa- 
ter was centered at •rt - 25.2. The front was narrowest 

and most intense at this density; above and below the 
core of the intrusion, the front intersected isopycnals at 
an oblique angle (Figure 19). This front migrated south- 
ward in late December and northward in early January 
(Figure 22a). Typical meridional migration rates were 
about 10 km d -x (0.1 m s-i), consistent with typi- 
cal meridional ADCP currents at this depth [Lukas et 
al., 1995a]. The front also migrated generally eastward 
(Figure 22b), with typical speeds of 20-30 km d -1 (0.2- 
0.3 m s-i); these are consistent with the average east- 
ward velocities measured at the depth of the salinity 
maximum (Figures 7 and 10). 

During much of the third survey period, maximum 
salinities were >35.5 psu over large portions of both the 
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Figure 22. (continued) 

N2S and W2E sections (Figures 19, 21, and 22) and over 
a large range of densities (at = 24.5 to 25.2). Intrusions 
of relatively fresh water from the north occurred at the 
beginning and end of this period (in late January and 
mid-February), and the frontal structure and migration 
rates were similar to those observed earlier. 

The migration of these relatively large watermass fea- 
tures (extending >20 km laterally and >20 m vertically, 
or >0.2 kg m -a in density) seems to be governed by the 
ambient currents. Smaller, very subtle features can also 
be coherent in both space and time. For example, the 
"waterfall" plot of salinity profiles in Figure 23 shows 
that a very small (<0.04 psu) salinity inversion at at 
= 21.8 extending for >130 km on February 4 (from 
1.25øto 2.4øS) is still present 32 hours later. Other sim- 
ilarly subtle features are spatially coherent over as few 
as three or four adjacent Seasoar profiles (i.e., <12 km), 
as seen at at = 24.6 just left of the center of the Febru- 

ary 4 section. Most of these subtle features extend for 
>40 km, and most lie on a line or curve that lies oblique 
to the isopycnals. Features are observed both above and 
below the maximum salinity, i.e., in the regime that is 
diffusively stable as well as in the regime that is favor- 
able for salt fingering. The generation, evolution, and 
decay of these small features are very likely affected 
by the complex equatorial flow field, in which internal 
tides and other baroclinic waves are superimposed on 
the highly sheared mean currents, but further study of 
these processes is beyond the scope of this paper. 

6. Discussion 

6.1. The Surface Layer 

Since all atmosphere-ocean interactions are inevitably 
mediated through the surface of the ocean, the ocean 
surface layer is the focus of special attention within 
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Table 5. Values of Temperature Corresponding to Specific Values of Salinity on the Isopycna! Surfaces 
with err = 23.5, 24.5, 24.8, 25.0, 25.2, and 25.5 kg m -3 

Temperature at Isopycnal, øC 

$, psu err -- 23.5 err = 24.5 err = 24.8 err = 25.0 err ---- 25.2 err = 25.5 

35.2 24.98 21.54 20.44 19.68 18.91 17.70 
35.3 25.23 21.82 20.72 19.97 19.20 18.02 

35.4 25.48 22.09 21.00 20.26 19.50 18.32 
35.5 25.72 22.36 21.28 20.54 19.79 18.63 
35.6 25.96 22.62 21.56 20.83 20.08 18.93 

COARE [Webster and Lukas, 1992; Tomczak, 1995; You, 
1995; Anderson et al., 1996]. Definitions of this sur- 
face layer abound [Brainerd and Gregg, 1995; Lukas 
and Lindstrom, 1991], and its depth is affected by a 
variety of processes: diurnal heating due to solar radia- 
tion; cooling at the surface by evaporation, sensible heat 
flux, and long wave radiation; nocturnal convection due 

to surface cooling; stirring by the local wind stress or 
by shear instabilities; restratification by the addition of 
cool but fresh water from rainfall; and differential ad- 
vection from/to the surrounding ocean. Near-surface 
fields of temperature and salinity have been presented 
and discussed earlier in this paper, in the form of cruise- 
averaged and individual meridional sections (Figure 9, 
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Figure 23. Salinity profiles showing 1-Hz data from adjacent ascending Seasoar profiles from 
consecutive sections along 156ø06•E. Sections were run from lø14tS (on the right) to 2ø26•S (on 
the left), beginning (top) at 0604 UT on February 4 and (bottom) at 1425 UT on February 5. 
Axis labels apply to the northernmost profile; successive profiles are offset by 0.1 psu for display 
and are usually separated by <2.5 km. 
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Plates 1 and 2), time-depth distributions for the inter- 
section (Figure 12), time-distance distributions for the 
20-dbar surface (Figures13a and 13b), and time series 
of laterally averaged statistics (Figure 14), but we have 
not yet discussed the structure of the mixed layer per 
se. Here we explicitly consider the vertical structure of 
the near-surface layer, by estimating the surface layer 
depths using several different criteria. 

Surface "mixed" layer depth can be defined in terms 
of a finite change from values at the surface [e.g., An- 
derson et al., 1996; Wijesekera and Gregg, 1996; $myth 
et al., 1996b], in terms of a critical gradient [e.g., Lukas 
and Lindstrom, 1991], or even in terms of a specific 
isopycnal [e.g., $myth et al., 1996b]. We estimate 
"mixed layer" depths from the 2-dbar, 2-nm gridded 
Seasoar data using all three of these general classes. 
The first of these, H22, defined by the depth of the as 
= 22.0 kg m -3 isopycnal, corresponds to the "upper 
ocean layer" used by Smyth et al. [1996b] to repre- 
sent the region above the main pycnocline; this isopyc- 

nal is nearly coincident with the 28øC isotherm (Figure 
15). The second, Ht, estimates the depth of the "top 
of the thermocline" from a critical gradient criterion 
of 0.05øC m -1 but ignoring the top 20 m [Lukas and 
Lindstrom, 1991]. For the remaining layers, defined in 
terms of differences from the surface, we used the shal- 
lowest gridded value above 10 m to represent the sur- 
face value; it was usually centered at 0.5 or 2 m. The 
"isopycnal layer depth," HD, is defined as the depth 
at which the potential density first exceeds the surface 
density by Ap e ---- 0.01 kg m -3. This layer is sometimes 
called the "diurnal mixed layer" [$myth et al., 1996b]. 
The "isothermal layer depth", HT, and "isohaline layer 
depth", H$, are defined separately, by AT - -0.030 ø C 
- c•-lA•e and AS -- 0.013 psu - -/•-iA•, respec- 
tively, where c• and /• are the thermal and haline ex- 
pansion coefficients at 28øC and 35 psu. Following An- 
derson et al. [1996], we calculated HT (and Hs) by 
finding the maximum temperature (minimum salinity) 
in the top 20 m and starting the differencing from that 
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Figure 24. Time series of surface layer depths at three locations (SBN (dotted lines), SBS 
(dashed lines) and I (solid lines)), estimated from 2-dbar gridded Seasoar data using criteria 
specified in the text. Symbols are used to distinguish daytime and nighttime estimates of H• 
and H•. 
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point downward to prevent near-surface inversions from 
influencing our estimates. 

Estimates of these surface layer depths were made for 
all of the complete meridional and zonal Seasoar sec- 
tions. Figure 24 shows time series of the values at the 
intersection point (I) and at the northern and south- 
ern apices (SBN and SBS). In general, each layer shows 
similar behavior at all three locations. HD and HT are 
subject to strong diurnal variability as expected [Ander- 
son et al., 1996], except during periods of weak winds 
combined with either sustained heating (November 15 
to 22, November 29 to December 1) or heavy precipita- 
tion (Jan 4-10). There is a tendency for smaller values 
of HD and HT to occur during daytime and deeper val- 
ues to occur at night, but exceptions are not uncommon 
(Figure 24). H$ tends to shoal during the November 
survey period and to deepen during the westerly wind 
burst in late December, before shoaling abruptly in re- 
sponse to heavy rainfall in early January; it deepens 
rapidly in unison with Ht and H22 (Figure 24) during 
January 27-31, apparently downwelling in response to 
the renewed westerly wind stress (Figure 14). There is 
a tendency for Ht and H22 (and the 28øC isotherm, Fig- 
ure 16) to be deeper in the north, particularly during 
our November survey period and during the westerly 
wind burst in late December. 

At all three locations, the top of the thermocline, Ht, 
lies above the 22.0 kg m -3 isopycnal (Figures 24 and 
Figure 25). Their separation is <10 m during much of 
our second survey period, during and after the strong 
westerly wind burst. The two converge completely on 

January 4-6, after the cessation of the strong westerly 
winds and while the overlying water is restratified by 
rainfall (Figures 24 and 25). The top of the thermocline 
is always deeper than the surface "isohaline" layer, H$ 
(Figure 24), but the "barrier layer" [Lukas and Lind- 
strom, 1991] that lies between them is sometimes < 10 m 
thick. By definition, the isopycnal layer, HD, is equal to 
or less than H$ and HT. The "isothermal" layer, HT, 
is often deeper than H$, presumably because subse- 
quent precipitation has overlain a remnant mixed layer; 
it should be noted that these layers need not be strictly 
homogenous. The frequent occurrences of HT > H$ 
suggest that at least the upper portion of the barrier 
layer is transient or patchy in nature. Nevertheless, HT 
approaches within 10 m of Ht on only a few brief oc- 
casions (December 20-22, December 25-28, December 
31, February 10-11) of strong westerly winds, and HT 
and Ht do not coincide on any occasion. Thus the lower 
portion of the barrier layer effectively insulated the sea 
surface from direct exchange with the cooler waters in 
the thermocline throughout the COARE IOP. 

6.2. Lateral Homogenization 

In section 5.1. we noted that property distribution 
on the 20-dbar surface (Figure 13) suggested an associ- 
ation between the degree of patchiness and the strength 
of the wind: standard deviations along each section 
were relatively large during the weak winds of Novem- 
ber and early January and small during the westerly 
wind burst in December and the squalls in early Febru- 

0.16 

0.08 

0.00 

-0.08 

40.00 

20.00 
o.oo 

lOO. 
o. 

-lOO. 

NOV 
20 25 50 

I I I I I I I I I I I I I 
DEC JAN JAN FEB 

20 25 50 5 10 50 5 10 15 
I I I I I I I I I I I I I I I I I I I I I I I [ I 

•1 ! / xx,._......_l/! • - .,,...__......,•.•x...,,,/____...,.__....,,// .... 

2O 

4O 

6O 

8O 

lOO 
517 

' ., ," "i :\."i I ".: ':. •i !'.. ;• ;:; : .": ;.. ..',, "' *, !• i '.;; ; t :,. i ..': ;:'. .'•T 

..' ,'-', .' ', ,' t .".: ".: :i ' .' """' .: .' •/t ;' 
i .,..;•. /I•. ,' .' ': ,: , ; ' ':' : ': 

:' : '.,!:.'>.',, : ':, : .... ?-'/'•,_,,',, ,, ','.,.,.-/, . ,' • .• ........ •.. . •. :...., :,.' ..' .. . : 
,' / •'--' , ,' ,,,,,, ,•, ,,'- ..... ,,,'-....' ,,. •._., 

" / • ',I•'A','/ Ht,' ' :'" ","" .... ' 

1,1•!,1,1,1,1,1,I,1,1,1,1,1,1,1,1,1,1,1,1 1,1,1,1,1,1,1,1,1,1,1, 1,1,1,1,1,1,1,1,1,1,1•1•1• 

322 527 352 357 554 559 564 569 374 

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1, 

393 398 403 408 413 

Figure 25. Variation of surface layer depths at the intersection I (1ø50/S, 156ø06/E), estimated 
from 2-dbar gridded Seasoar data; time series of wind stress, rainfall, and heat flux are repeated 
from Figure 12. 
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aw (Figure 14). Although this isobar does not always 
lie within the surface mixed layer as defined by either 
Ho or HT (Figures 24 and 25), it is usually shallower 
than the daily maximum [Anderson et al., 1996, Fig- 
ure 6], and thus it represents, at least approximately, 
the nocturnal surface mixed layer. The apparent rela- 
tion between the degree of patchiness and the strength 
of the wind (Figure 14) is verified by scatter diagrams 
(Figure 26), which show larger spatial variance to be 
associated with weak zonal wind stress; similar results 
are obtained for the meridional wind stress and for the 

wind stress magnitude, since winds were predominantly 
from the northwest throughout the IOP. Strong winds 
seem to reduce meridional trends as well as the resid- 

ual patchiness in both zonal and meridional directions 
(Figure 26). Whether this homogenization results from 
large-scale accumulation of surface water and broad 
equatorial downwelling driven by the westerly winds or 
whether it is the result of lateral mixing by small-scale 
processes such as local convergences driven by squalls 
is not clear. 

6.3. The Thermocline, EUC, and Salinity 
Maximum 

The structure and properties of the main thermocline 
were surprisingly variable, on timescales ranging from 
days to weeks and months. Some of the variability in 
the upper thermocline was related to variations in the 
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zonal wind stress, but we also observed variations that 
were not related to local winds; this is hardly surpris- 
ing, since long equatorial waves are known to be effi- 
cient conveyors of signals from the central Pacific [e.g., 
Kessler and McPhaden, 1995]. Some of the variations, 
e.g., the degree of equatorward spreading between the 
upper and lower thermocline, are related to the strength 
and position of the Equatorial Undercurrent, and the 
undercurrent is clearly important in advecting waters 
eastward in and along the core of the salinity maxi- 
mum: we do not yet fully understand the dynamics 
which determine the depth and the temperature of the 
core of the undercurrent, nor do we know what governs 
the properties of its source waters. 

7. Summary and Conclusions 

The COARE survey cruises have provided a large set 
of repeated 130-km meridional and zonal sections at 
the center of the COARE intensive flux array. These 
sections have fine vertical (--2 dbar) and horizontal 
(--2 nm) resolution and extend to a depth of •280 dbar. 
Observations were repeated at intervals of --2 days dur- 
ing three 20-day periods, spanning most of the 4-month 
COARE intensive observation period from November 
1992 to February 1993. 

Our time-averaged fields show a number of features 
that are typical of the western equatorial Pacific Ocean: 
a very warm and relatively fresh surface layer, with tem- 
peratures >28.5øC and salinity decreasing northward; 
a very sharp thermocline with temperature decreasing 
from •-28øC at --50 m to •-12øC at •-250 m and in- 

termediate isotherms diverging northward toward the 
equator to envelop the core of the Equatorial Undercur- 
rent at •-175 m; a subsurface salinity maximum, con- 
sisting of a northward tending tongue of high-salinity 
South Pacific water; and a deep vertically mixed layer, 
--50 m thick, with a temperature of --12øC and salinity 
of 34.8 psu, corresponding to the equatorial thermostad. 

The duration of the COARE Intensive Observation 

Period was exceptionally long for an intensive study 
of the upper ocean, but this was clearly appropriate 
given the lack of stationarity in both atmospheric and 
oceanic regimes. In general, near-surface temperature 
responded as expected from the variations in the lo- 
cal winds: general heating during the calm winds in 
November, rapid cooling during the westerly wind burst 
in late December, warming during weak easterly winds 
in January, and gradual cooling during moderate west- 
erlies in February. Variations in the depth of the 28øC 
isotherm and the 22.0 kg m -3 isopycnal at the top of the 
thermocline also varied with the wind: deepening dur- 
ing the westerly wind burst, shoaling during the easter- 
lies in January, and deepening rapidly with the resump- 
tion of westerly winds in early February. Vertical strat- 
ification within the near-surface layer varied with wind 
stress and rainfall: thermal stratification was strong 

under calm winds in November, and salinity stratifi- 
cation was strong under calm winds and heavy rainfall 
in early January; both thermal and haline stratifica- 
tion were weak during the westerly wind burst in late 
December and the moderate winds in February. Un- 
expectedly, we also observed some mesoscale features 
with strong lateral gradients in the near-surface layer: 
most notably, a zonal temperature front (with AT of 
-•0.2øC in --10 km) that migrated northward during 
the westerly wind burst in late December and a small 
patch or narrow band (--40 km wide) of unusually cold 
water (•28.5øC) that migrated slowly northward dur- 
ing January 5-9, the nature and origin of these features 
is still not fully understood. Also unexpected was the 
observation that strong winds seemed to cause lateral 
homogenization of near-surface waters as well as verti- 
cal mixing. 

Within the main thermocline, isotherm depths var- 
ied from section to section and from cruise to cruise. 

High-frequency internal waves and tides, though not re- 
solved by our sampling pattern, were manifest as noise 
with vertical displacements of --10 m. Cruise-averaged 
sections show that both the equatorward spreading of 
isotherms and the Equatorial Undercurrent shoaled sig- 
nificantly during the 100-day observation period; while 
the core layer shoaled from --220 to --160 m, its tem- 
perature increased from -•14øto -•20øC. The separation 
between the 23øC and 14øC isotherms in the upper 
and lower thermocline spreading seemed to be great- 
est (• 120 m) during periods when the EUC xvas strong 
(•0.4 m s-i). Water mass characteristics of the salin- 
ity maximum within the thermocline were surprisir•gly 
variable: maximum salinity values ranged from --35.2 
to --35.7 psu. The front between high-salinity south- 
ern and low-salinity northern waters was often narrow 
(--30 km), and it migrated meridionally between and 
within cruises; this front was also observed to migrate 
eastward at a speed consistent with advection by the 
Equatorial Undercurrent. Secondary salinity inversions 
with lateral scales of 10-50 km were observed both 

above and below the high-salinity core; these were eas- 
ily recognizable in sections a few days apart but did not 
persist from cruise to cruise. 

This large, high-resolution Seasoar data set shows 
that the thermohaline fields in the COARE intensive 

flux array are both heterogeneous and nonstationary. 
Even within the broadly uniform Warm Pool of the 
western equatorial Pacific, there are instances of meso- 
scale and submesoscale fronts in the surface layer. We 
look forward to combining this data set with observa- 
tions from other survey ships and with time series from 
stationary platforms. Work to estimate advective heat 
and freshwater fluxes and three-dimensional budgets of 
heat, fresh water, and momentum and to study the evo- 
lution of particular features and phenomena is under- 
way. This large data set will provide many opportuni- 
ties to improve community understanding of the upper 
ocean dynamics in this region. 
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