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ABSTRACT

Time series of surface meteorology and air-sea exchanges of heat, freshwater, and momentum collected
from a long-term surface mooring located 1600 km west of the coast of northern Chile are analyzed. The
observations, spanning 2000-10, have been withheld from assimilation into numerical weather prediction
models. As such, they provide a unique in situ record of atmosphere—ocean coupling in a trade wind region
characterized by persistent stratocumulus clouds. The annual cycle is described, as is the interannual vari-
ability. Annual variability in the air—sea heat flux is dominated by the annual cycle in net shortwave radiation.
In austral summer, the ocean is heated; the 9-yr mean annual heating of the ocean is 38 W m 2 Ocean cooling
is seen in 200608, coincident with La Nifia events. Over the full record, significant trends were found. In-
creases in wind speed, wind stress, and latent heat flux over 9 yr were 0.8 m s 1 0.022Nm 2, and20 Wm 2 or
13%, 29%, and 20% of the respective 9-yr means. The decrease in the annual mean net heat flux was
39 W m™ 2 or 104% of the mean. These changes were found to be largely associated with spring and fall. If this
change persists, the annual mean net air—sea heat flux will change sign by 2016, when the magnitude of the
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wind stress will have increased by close to 60%.

1. Introduction

The focus here is on the surface meteorology and air—
sea fluxes of heat, freshwater, and momentum at an
oceanic site at 20°S, 85°W in the South Pacific Ocean,
some 1600 km west of the coast of northern Chile. This is
a region characterized by southeast trade winds, a dom-
inance of evaporation over precipitation, a strong an-
nual cycle in insolation associated with its proximity to
the Tropic of Capricorn, and the infrequent occurrence
of propagating synoptic weather systems because of the
proximity of the Andes. At the same time it is a data-
sparse region marked by the presence of low marine
stratus clouds, and, like other eastern boundary regions
of ocean basins, it is a region that has presented chal-
lenges to climate modelers (Large and Danabasoglu
2006; Zheng et al. 2011).
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A recent international collaborative research effort
called the Variability of the American Monsoon Sys-
tems (VAMOS) Ocean—Cloud-Atmosphere-Land Study
(VOCALS) was conducted there in 2008 (Mechoso et al.
2013). The goals of VOCALS were to better quantify
ocean—atmosphere coupling, to improve understanding of
the processes that govern the sea surface temperature
(SST) and the amount and type of clouds, and thus to
make progress on reducing the systematic regional errors
in coupled ocean—atmosphere general circulation models
(Mechoso et al. 2013). Beyond the desire to better un-
derstand the atmospheric and oceanic processes at work in
the region, work there is motivated by the belief that this
region influences a broader Pacific area (Ma et al. 1996;
Manganello and Huang 2009). Further, the trade winds
there drive a large area of upwelling along the coast that
has high biological productivity. Because of the societal
value of this coastal ecosystem, there is also interest in
examining the impacts of variability and change in the
trade winds on the productivity of the upwelling regime
(Demarcq 2009; Narayan et al. 2010).

In addition, the eastern South Pacific draws interest
because SST there is cooling while in most regions it is
warming. Recently, Kosaka (2014) looked at surface
winds and sea surface temperatures across the Pacific


mailto:rweller@whoi.edu

15 APRIL 2015

and postulated that increasing trade winds in the Pacific
as seen in reanalysis fields were responsible for cooling
in the eastern Pacific that has led to a decrease in the rate
of global warming of sea surface temperatures. Similarly,
England et al. (2014) report finding increasing trade
winds in the equatorial and eastern Pacific over the years
from 1992 to 2011 in the same Interim European Centre
for Medium-Range Weather Forecasts (ECMWF) Re-
Analysis (ERA-Interim) and link cooling in the eastern
Pacific to those stronger winds.

Our effort to investigate the surface meteorology and
air—sea fluxes in this region has been made possible by
the maintenance of a long-term surface mooring located
close to 20°S, 85°W. Over the last 10-15yr, ocean ob-
serving technology has advanced, and surface moorings
are now capable of being used as platforms to collect
accurate, long running time series of surface meteorol-
ogy; air—sea exchanges of heat, momentum, and fresh-
water and oceanic temperature; salinity; and velocity. A
small number of these surface moorings have been es-
tablished as ocean reference stations (ORS), where care
is dedicated to collecting observations with state of the
art accuracies and where the data are withheld from
assimilation into numerical model fields and from in-
clusion in fields derived from combinations of model and
remote sensing data. In this paper, we examine the first
10yr of data collected from the ORS established in the
eastern South Pacific at 20°S, 85°W, some 1600 km west
of northern Chile, in this region characterized by per-
sistent marine stratus clouds.

The first 10yr of observations support an improved
characterization of the region offshore off northern
Chile in the southeastern Pacific. There are found to be
persistent trade winds and weak mean heating of the
ocean by the atmosphere combined with a dominance of
evaporation over precipitation. There is an annual cycle
in the heat exchange and in sea surface and air tem-
perature. There is also evidence of the interannual var-
iability, possibly associated with ENSO. There are
significant trends observed in both the wind speed and in
the net air—sea heat flux, with winds increasing from an
annual mean of 5.7ms ' in 2001 to an annual mean of
6.5ms ™" in 2009 and the annual mean net heat flux de-
creasing from 60.4 Wm ™2 in 2001 to 21.2 W m ™2 in 2009,
with a positive value of heat flux indicating heating of
the ocean by the atmosphere.

Other studies have addressed the synoptic meteorology
and diurnal variability in the lower atmosphere in the region
(Rahn and Garreaud 2010a,b; Toniazzo et al. 2011). We
focus here on utilizing the 10-yr record of the surface me-
teorology and air—sea flux records at the ORS Stratus Deck
Regions of the Eastern Pacific (STRATUS) to quantify the
annual, interannual, and longer-term variability. In part, this
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is done so that this analysis of the accurate and withheld
surface buoy data will be available for comparison to vari-
ability and trends seen in other representations of the sur-
face meteorology and air-sea fluxes in the eastern South
Pacific off northern Chile. After summarizing the observa-
tional methods, an overview of the surface meteorology and
air-sea fluxes is provided, and then the mean annual signals,
the departures from the mean annual record on interannual
time scales, and the trends over the first 10 yr are discussed.
A discussion of the findings in the context of other work
follows. An effort is made here to identify and quantify the
robust signals found on annual, interannual, and longer time
scales in the withheld data from the ORS STRATUS so
that others can investigate if they are accurately replicated
in models. The URL where the data can be obtained is
included in the conclusions section.

2. Observational methods

Close to 20°S, 85°W, some 1600 km west of northern
Chile, a surface mooring has been in place since October
2000 in water depths of close to 4500 m. The mooring
and the instrumentation are described in Colbo and
Weller (2007). The meteorological instrumentation on
the surface buoy provide the data discussed here, and
the accuracies of the meteorological data and of the air—
sea fluxes of heat, freshwater, and momentum derived
from them are discussed by Colbo and Weller (2009). In
brief, two independent improved meteorology (IMET)
instrument packages (Hosom et al. 1995) mounted on
the buoy support two sets of redundant sensors mea-
suring wind speed and direction, air temperature and
humidity, sea surface temperature and salinity, in-
coming shortwave radiation, incoming longwave radia-
tion, barometric pressure, and rain rate. For some key
parameters, such as wind speed and relative humidity,
a third set of sensors is added. Meteorological sensors
are mounted close to 3m above the sea surface, and
several temperature sensors are mounted on the buoy
hull just below the waterline and on the bridle below the
buoy hull. The raw measurements for each parameter
are averaged, and the averages are recorded once per
minute. The surface buoy records the 1-min data in-
ternally as well as transmitting hourly averaged data for
the duration of its deployment, typically 1 yr. Every year
a fresh mooring and surface buoy are deployed on the
cruise that also recovers the buoy and mooring that have
been in service. The exact locations of the sites where
the moorings have been anchored each year are given in
the appendix; they have been selected to meet the re-
quirement for an area of flat bottom topography as
a target when dropping the anchor combined with the
desire to alternate sites to reduce the amount of fishing
gear that accumulates on the mooring line and moored
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TABLE 1. Accuracies of buoy meteorological sensors based on
laboratory and field calibrations and intercomparisons and given
for monthly and longer time scales.

Sensor Accuracy
Incoming shortwave 4Wm 2
Incoming longwave 5Wm 2
Relative humidity (RH) 1%-2%
Air temperature 0.1°C
Barometric pressure 0.2 hPa
Sea surface temperature 0.04°C
Wind speed 1%; at least 0.1ms ™"
Wind direction 5°
Precipitation 20%

instrumentation. Two general locations, just to the
southwest and to the northwest of 20°S, 85°W, have been
used with a maximum distance between mooring sites of
80km.

From October 2000 to July 2010, when the mooring
line of the buoy then present failed, allowing the surface
buoy to drift off the station, continuous observations are
available; it is this nearly 10-yr-long time series that is
discussed here. Satellite wind and blended surface me-
teorological products and shipboard observations taken
from the mooring cruises over the years (De Szoeke et al.
2010) have shown general homogeneity in the region
within 100 km of 20°S, 85°W when looking at the surface
meteorology and air-sea fluxes on time scales longer than
daily, so we have here merged the data from the 10 de-
ployments into one time series taken to be characteristic
of the region near 20°S, 85°W. Occupation of the site was
resumed in April 2011 and continues to date.

The challenges of developing robust and accurate,
unattended meteorological quantifying the performance
of the sensors when deployed unattended on a buoy for
1yr have been addressed in our work over several de-
cades. New, more robust meteorological packages for
use on ships and buoys have been developed (Hosom
et al. 1995) and are in commercial production. Very
stable signal-conditioning electronics have been devel-
oped, and sensors are equipped with appropriate hous-
ings (e.g., passive radiation shields to minimize solar
heating of air temperature and humidity sensors, porous
Teflon filters for humidity sensors, and pressure ports
that reduce the impact of dynamic pressure fluctuations
on the barometric pressure sensor). Collaborative field
efforts, such as the Tropical Ocean Global Atmosphere
(TOGA) Coupled Ocean—Atmosphere Response Ex-
periment (COARE), that focused on obtaining and
verifying accurate measurements of the air—sea fluxes of
heat, freshwater, and momentum have left a legacy of
best practices (Weller et al. 2004) and improved for-
mulas for computing the air-sea fluxes from mean
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TABLE 2. Accuracies of the computed fluxes at monthly time scales.

Flux Accuracy
Net longwave 2Wm 2
Net shortwave 3Wm?
Latent 4Wm 2
Sensible 1.5Wm™?2
Net heat flux 8Wm 2
‘Wind stress 0.007Nm™2
Freshwater flux 20%

meteorological observables (Fairall et al. 1996). Among
the lessons learned have been the need for and value of
the deployment of redundant sensors on each platform
and the critical role of sensor intercomparisons con-
ducted in the field in conjunction with careful laboratory.

Preparation of the surface buoy for each deployment
includes laboratory calibration before and after the de-
ployment and running the buoy on land as it will be
deployed and examining sensor performance for prob-
lems (e.g., radio frequency or magnetic interference)
both at home and after shipment to the port where the
gear is loaded. At sea, over the years we have adopted
the practice of deploying the new mooring before re-
covering the old mooring in order to collect several days
of overlapping data. During this intercomparison pe-
riod, data from an independent set of well-calibrated
sensors on the research vessel are also collected with the
ship stationed bow into the wind, close to and downwind
of each buoy. The overlapping time series of the two
buoys and the additional record from the ship are key to
identifying any drift or degradation in the sensors after
1yr at sea as well as to identifying more significant
failure modes. On occasion, some sensors have been
damaged upon recovery, preventing the postdeploy-
ment calibration, further elevating the importance of
these in situ comparisons.

Based on the approaches summarized above, the ac-
curacies of the meteorological sensors obtained on the
buoys are shown in Table 1. Shortwave and longwave
accuracies are limited by the motion of the buoy as well
by the sensors. In persistent low winds and strong in-
solation, air temperature and humidity sensors are im-
pacted by solar heating. Compass performance and flow
distortion impact wind velocity accuracies. Errors stem-
ming from pitch and roll of the buoy, solar heating, and
other transient conditions are reduced in averages such as
monthly. Further discussions of the instrumentation and
sensors are given by Colbo and Weller (2009), Weller
et al. (2012), and Bigorre et al. (2013).

The meteorological data are used together with em-
pirical formulas to calculate the net longwave radiation,
the net shortwave radiation, the latent and sensible heat



15 APRIL 2015

WELLER

3007

MSLP - Sep2001

15°S
30°S
45°S
60°S
150°W 135°W 120°W 105°W 90°W 75°W 60°W
10 m winds - Sep2001
\\\§ N
15°S 2
— u
———— s,
M
N>/ -
NN A EEr
B0°S CNNAA AN LT Tt 1o e vV 11777 7 et n NN
R A S N N R
v eennnnr o n e 2 e e SANNNNMNNNNNNN s s p s S 2]
—-— «////,’////
St s | .
N ,a,-///,'/ » J v S——
oc |- = NN 7T
45°S = TTSEEEERONNNNONORS ~ ]
S ss——
==
~ TSNS S
B e NNSSS.——— T
150°W 135°W 120°W 105°W 90°W 75°W 60°W
0 2 4 6 8 10

Wind speed (m s’1)

FIG. 1. (top) Mean sea level pressure (hPa) for September 2001 from the NCEP-DOE
Reanalysis-2. (bottom) Mean 10-m wind vectors (ms~ ') for September 2001 from the NCEP—
DOE Reanalysis-2. For both, the red square marks the location of the long-term ORS

STRATUS.

fluxes, the wind stress, and the freshwater flux. The
computation of the fluxes is done using hourly meteo-
rological data. A near-surface current meter provides
a proxy for surface current, and wind speed and wind
velocity relative to the surface current are used in the
computations. The net heat flux is the sum of the net
shortwave radiation, the net longwave radiation, the
sensible heat flux, and the latent heat flux, with a positive
sign used to indicate heat flowing into the ocean. The
formulas and the propagation of sensor uncertainty

through the computations are discussed in Colbo and
Weller (2009); for sensible and latent heat fluxes and for
wind stress, version 3.0 of the COARE flux algorithm
(Fairall et al. 1996) was used. Table 2 summarizes the
accuracies associated with the flux time series discussed
here. These hold for wind conditions below 20ms ™!, as
experienced at the mooring site. Errors in heat flux
components are of opposite sign and cancel, leading to
a total error in net heat flux smaller than the sum of the

magnitudes of the errors in the components.
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Surface Meteorology - Stratus ORS 2000-2010
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FIG. 2. Surface meteorological time series from the ORS STRATUS. All time series are of daily averages: (top)—
(bottom) air temperature (black) and sea surface temperature (red); barometric pressure; rain rate; incoming
shortwave (black) and longwave (red) radiation; wind speed; and the low-passed (running mean over =5 days) wind

vectors plotted once per 10 days.

3. Overview of the ORS STRATUS record from
2000 to 2010

The mooring is located to the north and east of the
typical location of the South Pacific anticyclone in an
area of well-developed southeast trade winds (Fig. 1).
Time series of daily averages of the surface meteoro-
logical properties from 2000 to 2010 are shown in Fig. 2

as measured at the heights of the sensors above the sea
surface, 2.4 m for the pressure sensor, 2.3 m for the hu-
midity and air temperature sensors, 2.7m for the ane-
mometer, 2.8 m for the radiometers, and a depth of 1.0m
for sea surface temperature and salinity. Wind velocity is
a vector that points in the direction the wind is flowing
toward. Figure 3 shows the 2000-10 time series of the
daily averaged net heat flux, the four components of the
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Surface Fluxes — Stratus ORS 2000-2010
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FIG. 3. Time series of daily averages of the surface fluxes from the ORS STRATUS from 2000 to 2010: (top)-
(bottom) the net heat flux; the net shortwave radiation (black) with a low-pass-filtered (48 h) theoretical, clear-sky
net shortwave radiation in red; the sensible heat flux (black), net longwave radiation (red), and latent heat flux (blue);

and the magnitude of the wind stress.

neat heat flux: net shortwave radiation, net longwave
radiation, latent heat flux, and sensible heat flux), and
the magnitude of the wind stress. Long-term means were
computed from 1 January 2001 to 31 December 2009
(inclusive). The surface meteorological means are given
in Table 3, and the flux means are given in Table 4.
The trade winds vary in speed, as seen in Fig. 2, but
were dominant from the southeast. In wind rose plots,
45% of the daily vectors fell in one 5°-wide bin and 95%

fell within £7.5° of the mean direction. The steadiness of
the wind velocity, the ratio of the mean vector wind
speed to the mean scalar wind speed, was 0.94, com-
puted from hourly data. The spectrum of the wind ve-
locity was red (having more energy at lower frequencies)
at periods shorter than about 8 days and had a plateau
spanning periods between 8 days and 1 yr; there was not
a significant peak in the wind spectrum at the period of
lyr. Spectra were computed using the hourly time
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TABLE 3. Annual means for basic observables from the surface mooring of the ORS STRATUS for the first 9 yr together with the 9-yr
means. Shown, as observed at the height of the sensors are air temperature (air 7); ocean temperature (sea 7); relative humidity (RH);
specific humidity (SH); barometric pressure (BP); salinity (sal) and density anomaly (sigma) at —1.0 m; incoming shortwave and longwave
radiation (SWin and LWin, respectively) at 2.8 m; and wind speed (|UJ), wind direction (dir), and east and north (positive toward) wind

components (U and V, respectively) at 2.7 m.

2001 2002 2003 2004 2005 2006 2007 2008 2009 Mean
Air T (°C) 19.50 19.39 19.48 19.31 19.81 19.55 18.80 19.93 19.75 19.53
Sea T (°C) 20.39 2037 20.42 20.10 20.50 20.63 19.84 20.70 20.73 20.41
RH (%) 749 73.6 74.6 745 74.6 72.8 73.0 73.8 73.7 74.02
SH (gkg ™) 10.6 103 10.6 10.4 10.7 103 9.8 10.7 10.5 10.4
BP (hPa) 10175 10176 10178  1017.8 10177 10172 10182 10176  1017.3  1017.6
SWin (Wm™2) 2150 209.9 1974 1983 204.6 200.2 202.3 207.2 1947 202.1
LWin (Wm™?) 3783 376.7 379.8 373.9 3743 3735 3722 375.7 382.0 376.3
|U| (ms ™) 571 5.94 6.02 6.13 6.09 5.76 6.56 6.18 6.47 6.07
U(ms™") —4.26 -433 ~5.00 —5.08 —5.04 —471 —525 —4.94 ~5.59 —4.92
V(ms™) 333 3.52 3.06 3.10 3.06 2.93 372 3.6 2.96 3.14
Dir (°) 298 301 300 297 298 294 303 298 295 303
Sal (psu) 35.44 35.44 35.49 35.41 35.45 3533 3529 3539 35.47 35.41
Sigma (gkg ") 24.99 24.99 25.01 25.04 24.97 24.85 25.02 24.86 24.92 24.96

series, with band averaging increasing with frequency.
The 95% confidence estimates were computed based on
the degrees of freedom in the averaging for each spectral
estimate. Peaks were judged to be significant when they
were larger than the envelope given by the confidence
limits. In contrast to the wind, air temperature, SST,
barometric pressure, specific humidity, and incoming
shortwave radiation had evident annual cycles (Fig. 2).
Spectra of the hourly air and sea surface temperatures
and of hourly incoming longwave radiation were red,
with significant peaks at periods of close to 1yr,24 h, and
12h. Hourly incoming shortwave radiation had sharp
spectral peaks at 24h, 12h, and shorter harmonics be-
cause of the periodic but nonsinusoidal shape of the
daily signal; there was also a peak at the 1-yr period.
On average over these nine years, the ocean gained
37.6Wm™? from the atmosphere, with the annual short-
wave gain more than compensating for the losses asso-
ciated with latent, sensible, and net longwave radiation.
The latent heat flux was equivalent to an evaporation of
1.3myr ! over the nine years, and the rain rate was

0.04myr~ !, so the average freshwater loss was close to
1.3myr L. Net heat flux variability was dominated by the
contribution from the net shortwave radiation and thus
had a strong annual spectral peak. In Fig. 3, after Cronin
et al. (2006) and Igbal (1988), the 48-h low-pass filtered,
predicted, cloud-free, incoming surface shortwave radi-
ation is overplotted on the observed daily surface net
shortwave radiation, and the greater difference between
that and the observed incoming shortwave radiation in-
dicates there were more clouds in austral spring and
summer.

In a number of variables, there was evidence in Figs. 2
and 3 of interannual variability: for example, in the
cooler air and sea surface temperatures in the latter part
of 2007. There was also the appearance in some ob-
servables (e.g., wind speed) of an overall trend. To look
further, as described in the sections to follow, we iso-
lated the average annual cycle, removed the annual cy-
cle to highlight interannual variability, and analyzed
seasonal and annual means for evidence of statistically
significant trends.

TABLE 4. Annual means for heat fluxes and wind stress for the nine full years of ORS STRATUS data, and the mean of the nine years.

Rows show net heat flux (QN), latent heat flux (QH), sensible heat flux (QB), net shortwave radiation (SWnet), net longwave radiation
(LWnet), the skin temperature calculated for use in computing the heat flux (SST), the magnitude of the wind stress (|7|), the east
component of the wind stress (7,), and the north component of the wind stress (7).

2001 2002 2003 2004 2005 2006 2007 2008 2009 Mean
ON (Wm?) 60.4 436 413 39.3 442 253 22.0 38.8 212 37.6
OH(Wm™2)  —948  —1047  —993  —985  —988  —1089  —1156  —1058  —1151  —1035
OB (Wm?) -73 -8.1 -6.7 —6.4 -53 -8.7 -102 —64 -89 -73
SWnet (Wm™2)  203.1 198.4 186.5 187.4 193.4 189.2 1912 195.8 184.0 191.0
LWnet (Wm™2) —40.6 419  -392  -432  —450 —46.4 —434 —448 -38.8 0.6
SST (°C) 2022 2018 2024 1993 2032 20.43 19.65 20.52 20.55 2023
l7| (Nm?) 0.0655 00712 00746 00759 00769 00694  0.0915 0.0795 0.0874  0.0754
7o (Nm™?) —0.0500  —0.0527 —0.0624 —0.0634 -0.0637 —0.0573 —0.0735 —00644 —00762 —0.0616
7, (Nm™?) 00388  0.0420 0038 00383 00399 00358  0.0525 0.0429  0.0401 0.0397
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Surface Meteorology — Mean annual cycles
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FIG. 4. Mean annual cycles of the surface meteorological variables at the ORS STRATUS, based on averaging nine
calendar years, 2001-09. Daily values are the thin lines; thick lines are a 20-day running mean of the daily values.
Shown are (top)—(bottom) air (black) and sea surface temperature (red); barometric pressure; specific humidity; rain
rate; incoming shortwave (black) and longwave (red) radiation; wind speed; and the low-passed wind as vector sticks
every 5 days.

4. The annual cycle

3011

both the daily and 20-day low-passed time series of the

annual cycles in surface meteorology, while Fig. 5 shows

The nine full calendar years 2001-09 were used to
determine the mean annual cycles, averaging the daily
averages for the same day of each year. Figure 4 shows

the annual cycles in the surface fluxes. Both air tem-
perature and SST had sinusoidal signals of 5.2° and 4.5°C
amplitude, respectively, where SST was always warmer
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Surface Fluxes - Mean annual cycles
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FIG. 5. The mean annual cycles of the air-sea heat fluxes and wind stress computed by averaging daily values from
nine calendar years, 2001-09. The thin lines are daily values; the thick lines are a 20-day running mean. Shown are
(top)—(bottom) net heat flux; net shortwave radiation; the sensible heat flux (black), net longwave heat flux (red), and
latent heat flux (blue); and the magnitude of the wind stress.

than the air temperature. The warmest daily SST (air
temperature) occurred on 19 March (19 March), and
the coolest daily SST (air temperature) occurred on
26 September (23 September). The low-passed SST
lagged the low-passed air temperature by 3-12 days. Spe-
cific humidity tracked air temperature, with lower
values in association with cooler temperatures. Daily
mean surface pressure was highest (1020.7 hPa) in mid-
September and lowest (1014.6hPa) in mid-March.

Low-passed wind speed increased by 1.9ms ! with
a maximum of 7.3ms ! coincident with the high in
barometric pressure over the same time period. A
seasonal cycle in incoming shortwave radiation was
seen with a midwinter minimum of 127.6 W m ™2 in low-
passed incoming shortwave radiation and a summer
maximum of 275.4 W m ™2 with very little (~20 Wm ™ ?)
variability in low-passed incoming longwave radiation
over the year. Precipitation at the site was very light
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Surface Meteorology — Departures from mean annual cycles
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FIG. 6. Time series of the departures in daily averages of surface meteorology from the mean annual cycles, as
shown in Fig. 4. All time series have had a 20-day running mean applied to the daily time series. Shown are (top)—
(bottom) sea surface (black) and air temperature (red); barometric pressure; specific humidity; incoming longwave
(red) and shortwave (black) radiation; wind speed; and wind vectors plotted every 10 days.

with low-passed values under 0.01 mm h™'. Neither net
longwave radiation nor sensible heat flux had clear
annual signals. Reduced net shortwave heat flux in
austral winter together with slightly increased latent
heat flux in fall, winter, and spring led to oceanic heat

loss at the sea surface from early April to late August.
The occurrence of the maximum wind stress in the late
austral winter was roughly coincident with the transi-
tion back from cooling of the ocean by the atmosphere
to heating by the atmosphere.
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Surface Fluxes — Departures from mean annual cycles
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FIG. 7. The departures of the daily heat fluxes and wind stress from the annual mean cycles shown in Fig. 5. Shown
are (top)—(bottom) net heat flux; net shortwave radiation; net longwave radiation; latent heat flux; sensible heat flux;
and magnitude of the wind stress. All are daily time series with a 20-day running mean applied.

5. Interannual variability prominent departures in the surface meteorology
were cool events in air and sea surface temperatures in

Removing the annual mean cycle of daily averages 2006 and again from early 2007 to early 2008 (Fig. 6).
in the surface meteorology and surface fluxes from These were accompanied by a period of lower specific
each year of the daily time series yields time series of humidity and stronger trade winds. In the time series
the departures from the mean annual cycle. The most of the departures in the daily mean fluxes from the
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mean annual cycle (Fig. 7), distinct events were less
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Surface meteorology — Annual means and linear fits
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apparent. Net heat fluxes were lower during the cold
events and during the period of increased wind stress

in mid-2007, with larger negative sensible and latent
heat fluxes being the source of the negative net heat
flux anomalies. There was not a suggestion from the
net shortwave and net longwave anomalies of a sig-
nificant change in cloud cover associated with these

events.
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6. Trends
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To examine if trends were present with statistical sig-
nificance linear regression analyses were carried out on
the annual means. The annual means and fitted lines are
shown in Fig. 8 (surface meteorology) and Fig. 9 (air—sea
fluxes). Testing the hypotheses that the resulting slopes
were significantly nonzero pointed to statistical signifi-

cance in only the annually averaged wind speed and the
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annually averaged east wind component, with the slope in
wind speed close t0 0.075ms ™' yr~! and in the east wind
component close to —0.121ms ™' yr~! (Table 5). Linear
regression analyses of the annual mean values of the
fluxes pointed to slopes that were statistically significantly
different from zero for net heat flux, latent heat flux, the
magnitude of the wind stress, and the east component of

the wind stress (Table 6). Net heat flux decreased with
time at a rate of —3.73Wm ™ “yr ', with latent heat flux
becoming more negative at —2.12Wm 2yr .

The increases in wind speed, wind stress, and latent
heat flux over 9yr were 0.8ms~ !, 0.022Nm™2, and
20Wm™2 or 13%, 29%, and 20% of the 9-yr means,
respectively. The decrease in the annual mean net heat
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TABLE 5. Linear regressions of the surface meteorological var-
iables where the slope is significantly nonzero, wind speed, and the
east component of wind. The 95% confidence interval (CI) for the
slope are given. The term R? is the square of the correlation co-
efficient between the variable and time. The p value is for testing
the null hypothesis that there is no trend with time (slope = 0);
a low p value supports rejecting the null hypothesis.

Slope
(ms~tyr 95% CI R? P
Wind speed  0.075 = 0.028  0.009 to 0.140  0.5096 0.0308
Eastwind  —0.121 = 0.036 —0.207 to —0.036 0.6161 0.0122

flux was 39 Wm ™2 or 104% of the mean. If these trends
persist, the annual mean net air-sea heat flux will change
sign by 2016, when the magnitude of the wind stress will
have increased by close to 60%.

To examine whether the statistics of these trends
across the nine years for a given season or for the annual
mean were dominated by a high amplitude subset of the
daily averages, the histograms of the daily averages for
each year and season were examined. Overplotting the
histograms and the annual means and medians pointed
to a shift over the years in the distributions (Fig. 10). The
2009 histogram of the magnitude of the wind stress had
a broader peak at slightly higher values and a small
number of stronger events. The 2009 histogram of daily
averaged net heat flux was shifted toward stronger heat
losses, with a broader central peak. The 2009 histogram
of daily averaged latent heat flux was also shifted to-
ward larger negative values, with more higher heat loss
values and fewer lower heat loss values. With the ex-
ception of the 2007 histograms, which reflected the
interannual variability discussed in section 5, the tem-
poral evolution of these year-by-year histograms of
daily means showed a steady shift in means, medians,
and overall distributions.

The nature of the long-term trends was examined
further from the perspective of looking at the seasonal
dependence in the trends. The data were subsetted into
the four seasons: December—February (austral summer),
March-May (austral fall), June—August (austral winter),
and September-November (austral spring). Then the
regression analyses were carried out season by season.
The wind speed and wind stress magnitude trends were
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significant for fall and spring; the trends in east wind and
east wind stress were significant for spring; and the trend
for north wind stress was significant for spring (Tables 7
and 8). The trends in the net heat flux and the latent heat
flux were significant in fall and spring (Table 8). No sig-
nificantly nonzero slopes in the fits to surface meteoro-
logical and air—sea flux variables were found for summer
or winter. The significant trends came from austral spring
and fall, and the trends in austral spring were stronger
than those in fall or the annual averages.

7. Discussion

The ORS STRATUS data show a trade wind regime
characterized by directionally steady southeast trade
winds. There is an annual cycle, most evident in mod-
erate strengthening of the wind in late winter and in the
seasonal cycle in solar insolation. In addition, there is
interannual variability, most evident between 2006 and
2009. There are statistically significant trends in the wind
velocity, wind stress, net heat flux, and latent heat flux.
Looking at different seasons, it is the austral fall and
spring that have the strongest trends.

The annual variability stems from two sources. One
source is the large-scale surface wind circulation. The
role of the South Pacific high pressure center in estab-
lishing the mean state has been noted by Rahn and
Garreaud (2010a) and others. Garreaud (2011) discusses
the annual migration and modulation of the southeast-
ern Pacific anticyclone; during austral summer it is slightly
weaker and more to the south, while during austral winter
itis more intense and farther north. This can be seen in the
sea level pressure fields from the National Centers for
Environmental Prediction (NCEP)-U.S. Department of
Energy (DOE) Reanalysis-2 (Kanamitsu et al. 2002),
which show in a typical year a shift toward the east in
austral winter and spring of the center of the South Pacific
high pressure cell, which both raises the pressure at the
ORS STRATUS and creates a stronger pressure gra-
dient spanning that location. The second source of
annual variability in the surface meteorology and air—
sea fluxes is the astronomical annual cycle in incoming
shortwave radiation. The solar variability is a major
contributor to the observed annual cycle in neat heat
flux; the insolation decreases enough in austral winter

TABLE 6. Linear regressions of fluxes where the slope is significantly nonzero.

Slope 95% CI RrR? p
Net heat -373+1.03Wm 2yr ! —6.17to —1.29 0.6507 0.0086
Latent heat —212+0.65Wm 2yr ! —3.66 to —0.590 0.6053 0.0136
Wind stress magnitude 0.00233 + 0.00074 Nm 2yr* 0.000 582 to 0.004 08 0.5871 0.0161

East wind stress —0.00260 + 0.00062Nm Zyr !

—0.004 18 to —0.001 02 0.6831 0.0060
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so that the mean annual cycle shows ocean heat loss
from early April to mid-August.

The source of the interannual variability is not as clear.
In Fig. 11, additional smoothing beyond that used in Fig. 6
has been applied to the time series of daily departures
from the annual means of wind stress and net heat flux,
and these have been plotted against SST and surface sa-
linity. The increased trade winds in 2007 and the more
negative net heat fluxes between 2006 and 2009 show
evidence of covariance with SST and surface salinity.

The coastal waters of the eastern South Pacific expe-
rience variability associated with El Nifio-Southern
Oscillation (ENSO), and two ENSO indices are in-
cluded in Fig. 11. The Nifio-1+2 region lies between the
equator and 10°S and between 80° and 90°W, north of
the ORS STRATUS. Another measure of ENSO vari-
ability is the multivariate ENSO index (MEI) developed
by Wolter and Timlin (1998). Figure 11 shows the
alignment of the cool, fresh events of 2006 and 2007/08
with SST variability in the Nifio-1+2 index and to
a lesser extent in the MEIL The negative net heat flux
anomalies as large as —40 Wm ™2 in 2006 and 2007/08
are seen in Fig. 10, coincident with cool anomalies in the
Nifio-1+2 and MEI temperatures.

The cooler, fresher conditions at the buoy for 1-2
months in early 2007 lag a weak La Nifia event, whereas
the cooler, fresher conditions over the latter half of 2007
are aligned with a moderate La Nifa event. The in-
creased wind stress in the middle of 2007 lasted 2-3
months, a period shorter than the La Nifia occurring at
that time. It is probable that interannual variability at the
ORS STRATUS has other sources in addition to ENSO.
Investigations of rainfall in central and north-central
Chile (Rutllant and Fuenzalida 1991; Julia et al. 2012)
point to the influence of the region around the Antarctic
Peninsula in addition to the Southern Oscillation and
the Madden-Julian oscillation. Other work (Mo and
White 1985) has pointed to large-scale patterns of sea-
sonal variability in the Southern Hemisphere that span
from low to high latitudes. Because there is little rain at
and near the ORS STRATUS, the freshening of the
surface water in 2006-09 also suggests that ocean dy-
namics influence surface properties and may, through
SST, influence local meteorology and air—sea fluxes.
Holte et al. (2014) have concluded that advection of
cooler, fresher water makes the same order of magni-
tude contribution at the ORS STRATUS to upper-
ocean heat and freshwater budgets as the surface
fluxes do. In the face of this complexity, it was difficult to
further investigate the interannual variability at the
ORS STRATUS. It is clear, though, in 2006-08 that
a contribution to the annual mean statistics is seen from
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TABLE 7. Linear regressions of surface meteorological variables by season where the slope is significantly nonzero.

Slope (ms™'yr 1) 95% CI R? p
Wind speed: fall 0.074 = 0.026 0.013 to 0.134 0.4966 0.0229
Wind speed: spring 0.129 * 0.030 0.059 to 0.200 0.7304 0.0033
East wind: spring —0.149 = 0.031 —0.222 to —0.075 0.7656 0.0020

the interannual variability and that those annual means
fall further off the linear fit lines in Figs. 9 and 10.

The trends associated with these linear fits are of in-
terest. There are a number of remarks about regional
trends in the literature. Ramage (1987) cautioned about
interpreting trends in historical data, such as in the
Comprehensive Ocean—-Atmosphere Data Set (COADS;
Slutz et al. 1985), which spans from 1854 to the
present. However, Jahncke et al. (2004) concluded that
off Peru, near 13°S, 79°W, the COADS data in the 1925-
2000 period showed increasing annual mean meridional
wind stress, with a slope of 35.9 X 10" °Nm 2yr .
Bakun’s (1990) discussion of intensifying coastal up-
welling based on analysis of ship data from 1946 to 1988
in four different coastal upwelling regions pointed to
long-term, statistically significant, positive trends in
alongshore wind stress off Peru. However, his plots of
October-March and April-September wind stress off
Peru also showed strong decadal variability. Inde-
pendent of wind data, Vargas et al.’s (2007) analysis of
sediment cores suggest that upwelling has increased
since 1878 in association with intensification of the
winds driving the upwelling.

Falvey and Garreaud (2009) discussed temperature
trends along the Chilean coast and reported cooling of
—0.07°Cdecade '; they suggested this was occurring in
association with an intensification of the southeastern
Pacific anticyclone. Their analysis of reanalysis and
model data showed increasing sea level pressures in the
South Pacific high located west of Chile. Garreaud and
Falvey (2009) discuss change in the wind regime off
Chile under future climate scenarios. In global climate
models, they find an increase of 0.4ms™~ " over 100 yr at
the STRATUS site. Using a regional climate model,

they suggest an increase and found the broad region of
trade winds from the southeast offshore of northern
Chile and the region of southerlies along the central
Chile coast to be increasing.

In contrast, Vecchi et al. (2006) suggest that the
Walker circulation will weaken and that the trade winds
off Peru will weaken in a warming future climate. Vecchi
and Soden (2007) also indicate that the tropical at-
mospheric circulation weakens as climate warms in all
Intergovernmental Panel on Climate Change (IPCC)
AR4 models. However, many investigations of models
provide support for strengthening Pacific trade winds.
Merrifield et al. (2009) noted strong sea level rise in
western tropical Pacific, and Merrifield and Maltrud
(2011) found one cause of that sea level rise to be the
increased strength of Pacific trade winds on multi-
decadal time scales. They looked at ECMWF winds
over the period of 1993-2010 and used these winds to
force an ocean model. Timmermann and McGregor
(2010), when looking at sea level under two In-
tergovernmental Panel on Climate Change scenarios
A1B and B1 found increased southeasterly winds
in the South Pacific to be a robust result in model
simulations.

Because of the societal importance of the fisheries in
the region of upwelling along the coast of Peru and
Chile, there have been a number of studies of trends and
variability in SST, winds, and productivity. Demarcq
(2009), using SeaWinds scatterometer winds from 2000
to 2007, reported an increase in the equatorward winds
off northern Chile and Peru in the upwelling zones of
0.2-0.3ms ™' decade ', in conjunction with little change
in SST off Peru and a slight cooling in SST off northern
Chile (—0.15°Cdecade ') and increases in productivity

TABLE 8. Linear regressions of the air—sea flux variables by season where the slope is significantly nonzero.

Slope

Wind stress magnitude: fall
Wind stress magnitude: spring
Tau east: fall

Tau east: spring

Tau north: spring

Net heat: fall

Net heat: spring

Latent heat: fall

Latent heat: spring

—435+1.34Wm 2yr !
=517 = 1.05Wm Zyr !
—238+0.96Wm 2yr !
—2.96 + 0.77Wm 2yr !

0.00210 *+ 0.00064 Wm 2yr~!

0.00418 = 0.00089 Wm 2yr!
—0.00236 + 0.00067 Wm ™ 2yr* —0.003 90 to —0.000 82
—0.00406 + 0.00081 Wm 2yr !

0.00167 + 0.00066 Wm ™ 2yr~!

95% CI R? p

0.006 13 to 0.003 58 0.5703 0.0116
0.002 07 to 0.006 29 0.7584 0.0022
0.6097 0.0077

—0.005 96 to —0.002 15 0.7837 0.0015
0.00012 to 0.003 22 0.4813 0.0382
—743t0 —1.28 0.5707 0.0115
—7.64 to —2.70 0.773 0.0017
—4.59 to —0.17 0.4345 0.0382
—478to —1.14 0.6796 0.0063
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FIG. 11. Time series of the departures of daily values from the mean annual cycle for (top)-(bottom) wind stress
magnitude; daily net heat flux; air temperature (red) and SST (black) together; sea surface salinity; the monthly Nifio-
1+2 temperature anomaly [from NCEP Climate Prediction Center (CPC): http://www.cpc.ncep.noaa.gov/data/
indices/sstoi.indices]; and the monthly MEI after Wolter and Timlin (1998) (obtained at http:/www.esrl.noaa.gov/
psd/enso/mei/table.html). A 60-day running mean has been applied to the stress and net heat flux daily time series and
a 20-day running mean has been applied to the SST, air temperature, and salinity.

off both Peru and northern Chile. Gutiérrez et al. (2011)
used a proxy for SST derived from sediment samples off
Peru and point to a combination of increased pro-
ductivity and cooling of SST; they suggest that the

increasing winds seen in the 40-yr ECMWF Re-Analysis
(ERA-40) are driving increased upwelling.

Table 9 summarizes values of trends in surface wind
speed and wind stress in the eastern South Pacific from


http://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices
http://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices
http://www.esrl.noaa.gov/psd/enso/mei/table.html
http://www.esrl.noaa.gov/psd/enso/mei/table.html
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TABLE 9. Summary of wind speed and wind stress trends. G. W. Moore (2014, personal communication) are values provided by G. W.
Moore’s analyses of ERA-Interim fields. Values from the literature are extracted from figures and tables.

Wind speed Wind stress trend
Source Time period trend (ms ™' decade™') (Nm™>decade™") Note

Jahncke et al. (2004) 1925-2000 — 3.59 X 107  Off Peru
Bakun (1990) 1946-88 — 35-38 x107° —
Garreaud and Falvey (2009) 2071-2100 and 1961-2000 0.04 — —
Merrifield and Maltrud (2011) 1993-2010 — 2x1072 —
Timmermann and McGregor (2010) 2001-2100 — 0.05x 107* —
G. W. Moore (2014, personal 198699 0.3 — —

communication)
G. W. Moore (2014, personal 2000-13 0.5 — —

communication)
Kosaka (2014) 2000-13 0.3 — —
England et al. (2014) 1992-2011 — 1x1072 —
This paper 2000-09 0.75 23X 1072 Annual: wind vector
This paper 2000-09 -1.21 —2.6 X 1072 Annual: zonal component
This paper 2000-09 1.29 42 x 107 Spring: wind vector
This paper 2000-09 —1.49 —41 X 1072  Spring: zonal component

the literature and from G. W. Moore (2014, personal
communication). There is general agreement that the
wind speed and wind stress are increasing. The ORS
STRATUS data from 2000 to 2009 suggest that, if the
present trends for wind stress and net heat flux persist,
by 2016 the sign of the annual mean net air-sea would
change and, on an annual mean, the ocean would lose
heat. This would lead to net cooling. The increased la-
tent heat loss would at the same time by evaporation
further increase the density of the surface layer of the
ocean. Thus, there is nonstationarity in the surface
forcing of the ocean by the atmosphere off northern
Chile, and investigations of upper-ocean heat budgets
and ocean dynamics there should acknowledge this.

8. Conclusions

A well-instrumented surface mooring has been de-
ployed near 20°S, 85°W since October 2000. The surface

meteorological and air—sea flux data have been carefully
quality controlled, and the uncertainties of the data are
well known. These data have been withheld from near-
real-time assimilation into weather and climate models.
As such, they provide a good resource for evaluating
models.

In this paper, nine full calendar years of data were
used to construct a mean annual cycle and characterize
annual means. Removing the mean annual cycle makes
more evident the observed interannual variability in
2007-08. Working with the annual means, statistically
significant trends were found in wind speed, the east
component of the wind, the magnitude of the wind
stress, the east component of the wind stress, the net
heat flux, and the latent heat flux. The change over the
years is not due to a small number of extreme valued
events; the histograms of daily values showed change
across all the population. When the data were further
broken down by season as well as by year, the changes in

TABLE Al. Locations and dates of the mooring deployments from October 2000 to July 2010. Deployment is the date and time of anchor
drop. Recovery is the date and time when the mooring is released from the anchor, except for STRATUS 10, when the date the surface
buoy began to drift away for the site after a failure in the mooring is given. The surface buoy of these moorings, which have a length about
1.25 times the water depth, moves around during the deployment in response to the ocean currents within a watch circle of roughly 5-km

radius centered on the anchor site.

Deployment Recovery Latitude Longitude
STRATUS 1 2043 UTC 7 Oct 2000 1239 UTC 17 Oct 2001 20°09.42'S 85°09.07W
STRATUS 2 1946 UTC 19 Oct 2001 1259 UTC 22 Oct 2002 20°08.60'S 85°08.44'W
STRATUS 3 0016 UTC 25 Oct 2002 1232 UTC 17 Nov 2003 20°10.48'S 85°06.73'W
STRATUS 4 2031 UTC 19 Nov 2003 1047 UTC 12 Dec 2004 19°45.95'S 85°30.41'W
STRATUS 5 1825 UTC 14 Dec 2004 1045 UTC 12 Oct 2005 19°44.74'S 85°31.36'W
STRATUS 6 1751 UTC 14 Oct 2005 1245 UTC 18 Oct 2006 20°02.67'S 85°11.31'W
STRATUS 7 1751 UTC 16 Oct 2006 1057 UTC 29 Oct 2007 19°45.28'S 85°31.93'W
STRATUS 8 1827 UTC 27 Oct 2007 1045 UTC 27 Oct 2008 19°37.36'S 85°22.73'W
STRATUS 9 1846 UTC 25 Oct 2008 1137 UTC 20 Jan 2010 19°42.65'S 85°35.25'W
STRATUS 10 1823 UTC 17 Jan 2010 7 Jul 2010 19°36.81'S 85°23.12’W
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wind speed, wind stress, latent heat flux, and net heat
flux were strongest in spring and fall.

Continuing observations at the ORS STRATUS are
needed to show whether the 2000-09 trends will persist
or if they are representative of just a phase of a decadal
or multidecadal mode of variability. Sustained increase
in the southeast trade winds in the South Pacific and the
associated increase in upwelling along the west coast of
South America should have consequences on the eco-
system there. Given the modest net heat gain and strong
evaporation there, the trend in net heat flux, if contin-
ued, will shift by about 2016 in the region from one of net
annual heat gain by the ocean from atmosphere to one
of net annual heat loss. At the same time, the increased
evaporation will lead to denser surface water and the
increased wind stress may increase wind-driven shear
across the base of the surface mixed layer. These
changes could both lead to change in the structure of the
upper ocean in the region.

Among the challenges faced in developing an im-
proved understanding of the eastern South Pacific and in
improving model performance, there is thus the finding
that there are significant trends in the surface meteo-
rology and in the air—sea exchanges of heat, freshwater,
and momentum. The ORS STRATUS time series pro-
vide documented in situ records of surface meteorology
and air-sea fluxes that have not, when collected, been
used in operational models. As such, they provide
a good means not only to investigate and understand the
variability of the region but also to examine model
performance in the region. These time series are avail-
able online (at http://uop.whoi.edu/ReferenceDataSets/
index.html).
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FIG. Al. Locations of the first 10 deployments of the STRATUS
moorings plotted with red dots on top of the bathymetry (m).

APPENDIX

Mooring Locations

Table Al provides a list of the locations of the anchor
positions for each of the 10 deployments of the ORS
STRATUS. Figure A1 shows the locations on top of the
local bathymetry.
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