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ABSTRACT

Recent observations have shown evidence of intraseasonal oscillations (with periods of approximately
1-2 months) in the northern and southern tropical Atlantic trade winds. In this paper, the oceanic response
to the observed intraseasonal wind variability is addressed through an analysis of the surface mixed layer
heat balance, focusing on three locations in the northwestern tropical Atlantic where in situ measurements
from moored buoys are available (14.5°N, 51°W; 15°N, 38°W; and 18°N, 34°W). It is found that local heat
storage at all three locations is balanced primarily by wind-induced latent heat loss, which is the same
mechanism that is believed to play a dominant role on interannual and decadal time scales in the region. It
is also found that the intraseasonal wind speed oscillations are linked to changes in surface wind conver-
gence and convection over the western equatorial Atlantic warm pool. These atmospheric circulation
anomalies and wind-induced SST anomalies potentially feed back on one another to affect longer time-scale

variability in the region.

1. Introduction

The climate of the tropical Atlantic undergoes sig-
nificant fluctuations on time scales ranging from sea-
sonal to decadal. In contrast to the tropical Pacific,
however, in which variability is concentrated close to
the equator, the tropical Atlantic supports a mode of
variability that extends into the subtropics, affecting sea
surface temperatures (SSTs) and surface winds in both
hemispheres (Nobre and Shukla 1996). While coupled
ocean—atmosphere interactions internal to the tropical
Atlantic seem to contribute to some of the observed
variability (Chang et al. 1997), it appears that external
forcing from the equatorial Pacific and the extratropical
Atlantic also plays a significant role (Xie and Tanimoto
1998; Czaja et al. 2002).

One of the regions where external forcing is likely to
be important is the northern tropical Atlantic, where
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variations in surface wind speed are strongly correlated
with latent heat loss and local heat storage (Cayan 1992;
Enfield and Mayer 1997). The trade winds in the north-
ern tropical Atlantic exhibit a strong seasonal cycle,
with maximum strength in boreal winter and a mini-
mum in boreal fall (Fig. 1a). These winds also exhibit
considerable intraseasonal variability, particularly in
the 40-70-day period band (Fig. 1b). In a recent study,
Foltz and McPhaden (2004) investigated these fluctua-
tions in wind speed, focusing on their surface atmo-
spheric structure from a combination of satellite and
reanalysis data. They showed that there is a peak in the
intraseasonal percent variance in the northern tropical
Atlantic and that the oscillations in this region are sig-
nificantly correlated with both the North Atlantic Os-
cillation and the Madden—Julian oscillation (MJO) in
the tropical Indo-Pacific.

The intraseasonal wind speed fluctuations in the
northern tropical Atlantic are also strongly negatively
correlated with the local SST when wind speed leads by
about two weeks (Ciasto and Thompson 2004; Foltz
and McPhaden 2004). Here we examine the causes of
these intraseasonal SST fluctuations through an obser-
vational analysis of the oceanic mixed layer heat bal-
ance, focusing on data from three moored buoys in the
northwestern tropical Atlantic where the intraseasonal
wind speed signal is strong.
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FIG. 1. (a) Daily QuikSCAT wind speed, smoothed with a 5-day
running mean filter and averaged over the North Atlantic
(NATL) index region (defined as 12-22°N, 55-25°W; see Fig. 2a).
(b) Wind speed as in (a), but bandpass filtered to retain variability
only in the 40-70-day period range.

2. Data and methods

a. Datasets

We use a combination of satellite data and measure-
ments from three moored buoys in the northwestern
tropical Atlantic (Fig. 2) to estimate various terms in
the surface mixed layer heat balance (described in de-
tail in section 2b). One of the buoys is the northernmost
moored buoy of the Pilot Research Array in the Tropi-
cal Atlantic (PIRATA; Servain et al. 1998) located at
15°N, 38°W. The buoy measures subsurface tempera-
ture and salinity, air temperature, relative humidity,
wind velocity, shortwave radiation (SWR), and precipi-
tation. Ocean temperature is measured at 11 depths
between 1 (i.e., bulk SST) and 500 m, with 20-m spacing
in the upper 140 m, while salinity is measured at 1 [sea
surface salinity (SSS)], 20, 40, and 120 m. Air temperature
and relative humidity are measured at a height of 3 m
above sea level, shortwave radiation and rainfall are
measured at 3.5 m, and wind velocity is measured at 4 m.

The sampling interval is 10 min for all data except
shortwave radiation, which is sampled at 2-min inter-
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vals, and rainfall, which is sampled at 1-min intervals.
Daily averages are transmitted to shore in real time,
while the high temporal resolution data are internally
recorded. Here we use both the high-resolution data
(10-min samples or 10-min means for rain and radia-
tion) and the daily averaged data for the time period
1999-2004.

We use surface measurements from a moored buoy
of the Northwest Tropical Atlantic Station for air-sea
flux measurement (NTAS), located at 14.5°N, 51°W.
Available measurements include bulk SST (measured
at a depth of 1.7 m), air temperature, relative humidity,
wind velocity, shortwave radiation, barometric pres-
sure, and precipitation (all measured at heights be-
tween 2.5 and 3.5 m). Hourly data are available for the
period March 2001-February 2004. We use both the
quality-controlled data (available for March 2001-
February 2003) and the real-time data (February 2003—
February 2004). We compared the record-length means
and standard deviations of the real-time data for Feb-
ruary 2003-February 2004 to those of the quality-
controlled data and found that they are similar. We
therefore use the real-time data for February 2003—
February 2004 without any corrections.

We also use measurements from the southwestern
moored buoy of the Subduction Experiment, located at
18°N, 34°W. The buoy-measured subsurface tempera-
ture and horizontal velocity, bulk SST (measured at a
depth of 1 m), air temperature, relative humidity, wind
velocity, shortwave radiation, incoming longwave ra-
diation, barometric pressure, and precipitation (all
measured at heights between 2 and 3 m) during June
1991-June 1993. Ocean temperature was measured
with 20-m spacing between 10 and 50 m and with 10-m
spacing between 50 and 100 m, while subsurface ocean
velocity was measured with 20-m spacing between 10
and 110 m. The data are available at 15-min intervals,
and we averaged these to daily means except for the
computation of surface fluxes as described below. Gaps
in the surface records (mainly during November 1991—
February 1992 and June-July 1992) were filled with
4-times-daily output from the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) model.
Gaps in the subsurface temperature and velocity data
(November 1991-February 1992 and June-October
1992) were not filled. Figure 3 shows the temporal cov-
erage of each variable at the PIRATA, NTAS, and
Subduction moorings.

We use the monthly climatological mixed layer depth
(h) and isothermal layer depth (ILD) estimates of
Monterey and Levitus (1997), which are available on a
1° X 1° grid. They are based on subsurface temperature
and salinity from the World Ocean Atlas 1994 and are
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FI1G. 2. (a) Percentage of the daily QuikSCAT wind speed variance (1999-2004) in the 40-70-day band.
A daily mean seasonal cycle has been removed prior to calculation of the variance. The rectangle encloses
the region (12°-22°N, 55°-25°W) used to form the 40-70-day NATL wind speed index. Note that we have
changed the index region slightly from that used by Foltz and McPhaden (2004; 15°-25°N, 50°-20°W), which
was based on a 20-yr record of NCEP-NCAR reanalysis wind speed, in order to maximize the intraseasonal
signals for the QuikSCAT time period. (b) QuikSCAT wind speed variance in the 40-70-day band. (c) The
40-70-day TMI SST regressed onto the NATL wind speed index. SST was regressed with a 14-day lag (i.e.,
SST lags the wind speed index by ~ one-quarter of a cycle). Values are shown only where they exceed the
90% confidence level. Numbers of degrees of freedom are estimated following Davis (1976). Black dots

indicate the positions of the moored buoys used in this study.
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FI1G. 3. Availability of air temperature (AT), SST, wind speed (WS), relative humidity (RH),
shortwave radiation (SWR), longwave radiation (LWR), subsurface temperature (TEMP),
salinity (SAL), and ocean velocity (VEL) at (a) the PIRATA mooring, (b) the NTAS moor-
ing, and (c) the Subduction mooring. TEMP, SAL, and VEL are measured at multiple depths

(see text for discussion).

defined using the criterion of a 0.125 kg m > density
increase from the surface for # and a 0.5°C temperature
decrease from the surface for the ILD. The vertical
resolution of the temperature and salinity data used
to estimate & and ILD is 10 m between the surface and
30 m, and 25 m between 50 and 200 m.

We also use satellite-based estimates of SST, rainfall,
wind velocity, and sea level. SST is obtained from the
Tropical Rainfall Measuring Mission (TRMM) Micro-
wave Imager (TMI), while rainfall is obtained from the
TRMM Microwave Imager and precipitation radar.
Both are available on a 0.5° X 0.5° X daily grid begin-
ning December 1997 (Wentz 1997). Surface wind ve-
locity is obtained from the SeaWinds scatterometer on-
board the QuikSCAT satellite, available on a 0.25° X

0.25° X daily grid beginning July 1999 (Liu et al. 1998),
and from the Special Sensor Microwave Imager (SSM/
I) on the Defense Meteorological Satellite Program
(DMSP) satellites, available on a 1° X 1° X 5-day grid
during 1987-2001. We have regridded the TMI SST/
rainfall and the QuikSCAT wind velocity data to a 1° X
1° grid and interpolated the SSM/I wind velocity data to
a daily resolution.

We have obtained sea level data from the TOPEX/
Poseidon and Jason altimeters (Cheney et al. 1994) for
the time period 1992-2004 in order to estimate geo-
strophic mixed layer ocean velocity at the NTAS and
PIRATA sites, where direct velocity measurements are
not available. These currents are combined with Ek-
man currents in order to estimate the total mixed layer
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velocity. The along-track sea level data are mapped to
a 1° X 1° X 10-day grid using a Gaussian spatial weight-
ing function (exp{—0.7{(Alat)* + ([cos(lat)Alon]*/4)}))
and then interpolated to a daily resolution. In this ex-
pression, Alat and Alon are distance in latitude and
longitude from a given data point. The 1993-96 mean
sea level is used as a proxy for the geoid + climatologi-
cal sea level and is removed and replaced with a mean
dynamic height surface (relative to 1000 m) obtained
from the climatological gridded 1° X 1° temperature
and salinity fields of Levitus et al. (1994) and Levitus
and Boyer (1994). We have compared geostrophic ve-
locities from these sea level estimates to those derived
from the Archiving, Validation, and Interpretation of
Satellite Oceanographic data (AVISO) sea level esti-
mates, which include the 7-yr mean Enact dynamic to-
pography (Rio and Hernandez 2004) and found that
they are similar (at all sites, cross correlations are
0.7-0.8 and rms differences are 35 cm s~ ! for 2001-04,
when the AVISO currents are available).

Finally, we use three longer datasets for comparison
with the corresponding shorter-duration satellite-based
measurements described above. These include the Cli-
mate Prediciton Center (CPC) Merged Analysis of Pre-
cipitation (CMAP) on a 2.5° X 2.5° X 5-day grid, Reyn-
olds et al. (2002) SST on a 1° X 1° X weekly grid, and
National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis (Kalnay et al. 1996) surface wind
velocity on a 2° X 2° X daily grid. We have interpolated
the precipitation and SST data to a daily resolution. All
datasets are available during 1982-2004.

b. Mixed layer heat equation

Following Stevenson and Niiler (1983) and Moisan
and Niiler (1998), the mixed layer heat balance can be
written as

aoT o -q_
h—+hv-VT+HATwe+v-f VPdy =TT
ot h pc,

(1
The terms represent, from left to right, local storage,
horizontal advection, entrainment, vertical tempera-
ture/velocity covariance, net surface heat flux adjusted
for the penetration of light below the mixed layer (g,),
and vertical turbulent diffusion at the base of the mixed
layer (g_,). Here A is the depth of the mixed layer; T
and v are temperature and velocity, respectively, verti-
cally averaged from the surface to a depth of —h;T and
v are deviations from the vertical average; H is the
Heavyside unit function; and AT = T — T_,. Entrain-
ment velocity can be rewritten as w, = dh/ot + V - hv
following Stevenson and Niiler (1983) and is associated
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with a mass flux that crosses the base of the mixed
layer. We neglect the vertical temperature difference/
velocity shear covariance term and g _,, since we cannot
reliably estimate it. Swenson and Hansen (1999) esti-
mate that the covariance term is <10% as large as the
other terms in (1), while the results of Foltz et al. (2003)
suggest that g_,, is insignificant on seasonal time scales.

To emphasize variability on intraseasonal time
scales, we bandpass filter all terms in (1) using a trap-
ezoidal filter with corner periods of 40, 45, 65, and 70
days (all variance <40 days and >70 days is removed,
and all variance between 45 and 65 days is retained).
Missing data are replaced with the time series mean
prior to filtering and are left blank after filtering. In a
previous study, Foltz and McPhaden (2004) used a
spectral window of 30-70 days to describe intraseasonal
variability in the northern and southern tropical Atlan-
tic. Here we have narrowed the spectral window to
40-70 days on the basis of the wind speed spectra at the
three buoy locations (Fig. 4).

We begin by considering the effects of surface flux
terms on local heat storage in (1). We start with surface
fluxes since we anticipate that they will contribute sig-
nificantly to the heat budget based on the seasonal
analysis of Foltz et al. (2003) and because we can esti-
mate the largest of the surface flux terms with a high
degree or reliability. The horizontal advection and ver-
tical entrainment terms, which we anticipate will be
smaller in magnitude and contain a higher degree of
uncertainty, will be considered in a later section.

First we consider the local storage term [first term in
(1)]. The time rate of change of mixed layer tempera-
ture (97/0¢) is estimated using bulk SST from the buoys
since there are gaps in the subsurface temperature data
(Fig. 3). A comparison of daily SST and 7 at 15°N,
38°W (using either a temperature- or density-based
mixed layer depth as defined later in this section) re-
veals a cross correlation of nearly one and an rms scat-
ter of 0.1°C, suggesting that SST is a good proxy for 7.
Gaps in the buoy SST record at 15°N, 38°W (Fig. 3) are
filled with TMI SST since TMI SST agrees reasonably
well with the buoy SST (the cross correlation is nearly
one and the daily rms scatter is 0.3°C).

The mixed layer depth, 4, which contributes to the
storage term in (1), is affected by the vertical distribu-
tions of both temperature and salinity. Throughout
much of the open upper ocean, density is controlled
primarily by temperature. However, the northwestern
tropical Atlantic is affected by strong river discharge
and salinity fronts that influence the near-surface strati-
fication and hence the mixed layer depth (Pailler et al.
1999). The barrier layer thickness (defined as the dif-
ference between the ILD and the true mixed layer
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F1G. 4. Normalized power spectra of wind speed from (a) the
PIRATA buoy at 15°N, 38°W (1999-2004); (b) the NTAS buoy at
14.5°N, 51°W (2001-04); (c) the southwestern Subduction buoy at
18°N, 34°W (1991-93); and (d) from QuikSCAT, averaged over
the NATL index region (Fig. 2a). Spectra are shown in variance-
preserving plots [frequency X power spectral density (PSD)].
Solid black lines represent red noise spectra based on a lag-1
autoregressive process. Dashed lines represent the 80% confi-
dence level of a chi-square distribution. Vertical gray lines indi-
cate periods of 40 and 70 days.

depth, h) averages 40 m at 14.5°N, 51°W and can ex-
ceed 80% of the isothermal layer depth (Fig. 5b). The
thick barrier layer at this location is due to the combi-
nation of northwestward advection of Amazon River
outflow and subduction and southwestward advection
of high-salinity waters originating in the subtropical
north Atlantic (Sprintall and Tomczak 1992; Pailler et
al. 1999). The barrier layer thickness is less significant
at 15°N, 38°W and 18°N, 34°W (10-20 m on average)
but still spans 15%-50% of the ILD during boreal fall
and winter based on the Monterey and Levitus (1997,
hereafter ML97) climatology (Figs. 5a,c).

The direct estimation of % at the buoys is hindered by
a lack of subsurface salinity at the NTAS and Subduc-
tion moorings and significant gaps in the PIRATA
salinity record (Fig. 3). For this reason we use a com-
bination of buoy-based estimates of 4 and ILD and
climatological 4 from ML97 as described below.
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At the PIRATA site (15°N, 38°W), we estimate h
from concurrent buoy subsurface temperature and sa-
linity measurements based on a 0.125 kg m~> density
criterion following the procedure of Foltz et al. (2004).
To address the problem of gaps, we form a climatologi-
cal mixed layer depth (using data mainly from 2000-01)
and repeat it for each year, thus eliminating intrasea-
sonal and interannual variations of /. Daily subsurface
temperature and salinity data from 2000-01 (nonclima-
tological) indicate that intraseasonal variations of / are
weak (the standard deviation of the 40-70-day 4 is
<15% of the annual mean #). Interannual variations of
h are more difficult to estimate based on the available
data. We have found that they are weak during 2000-01
(annual mean A is 44 and 45 m for 2000 and 2001,
respectively), but they may be important during other
years. We have found that our PIRATA-based clima-
tological £ is consistently shallower than the ML97 h
(Fig. 5a). The difference is most likely due to differ-
ences in the vertical resolution of the salinity measure-
ments (the ML97 estimates include high-vertical-
resolution measurements from conductivity—tempera-
ture—depth (CTD) casts, while the PIRATA-based
estimates suffer from a lack of salinity measure-
ments between 40 and 120 m). We therefore correct the
PIRATA-based estimates of /& by subtracting the mean
seasonal cycle of the difference between the PIRATA
h and the ML97 h.

Since neither subsurface temperature nor salinity is
available from the NTAS mooring, we use the climato-
logical ML97 h and repeat it for each year. At 18°N,
34°W, where subsurface temperature data are available
from the buoy, but salinity data are not, we regress the
ML97 mixed layer depth onto the ML97 ILD and use
the regression coefficients to estimate a daily mixed
layer depth from the buoy ILD. Since the resulting time
series contains significant gaps, we form a daily clima-
tology and repeat it for each year. As at 15°N, 38°W,
intraseasonal variations of /4 at 18°N, 34°W are small
(<10% of the annual mean #h).

Next we consider the surface heat flux, which consists
of latent and sensible heat loss, shortwave radiation
absorbed in the mixed layer, and net longwave radia-
tion emitted from the sea surface. Latent and sensible
heat loss are estimated from the Coupled Ocean-
Atmosphere Response Experiment (COARE) bulk
flux algorithm (Fairall et al. 1996), using buoy estimates
of SST, air temperature, relative humidity, and wind
speed. We have compared latent and sensible heat loss
terms estimated with high-resolution data (10-min,
hourly, and 15-min for PIRATA, NTAS, and Subduc-
tion, respectively) to those based on daily data and
found that they are nearly identical at each location
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FIG. 5. Monterey and Levitus (1997) mixed layer depth (based on a 0.125 kg m ™~ criterion;
solid lines) and barrier layer thickness [defined as the difference between the isothermal layer
depth (based on a 0.5°C criterion) and the mixed layer depth; dashed lines] at (a) 15°N, 38°W;
(b) 14.5°N, 51°W; and (c) 18°N, 34°W. Also shown in (a) are the PIRATA-based mixed layer
depth (solid line with squares) and barrier layer thickness (dashed line with squares). Monthly
time series have been linear least squares fitted to annual mean + annual and semiannual
harmonics. Error bars denote one standard error based on residuals to the fits, assuming 7

degrees of freedom.

(differences in the record-length means and standard
deviations of the daily-averaged values are <0.3 and
<0.1 W m ™2, respectively, for both latent and sensible
heat loss). We therefore use the daily data, which con-
tain fewer gaps, to estimate the latent and sensible
fluxes at each location.

The net surface shortwave radiation is available di-
rectly from the moorings, assuming an albedo of 6%.
Following Wang and McPhaden (1999), we model the

amount of shortwave radiation penetrating the mixed
layer as Qpe, = 047Q,,re” "%, where Oy, is the sur-
face shortwave radiation and /4 is the depth of the
mixed layer. Based on the analysis of Medovaya et al.
(2002), we expect that aerosol buildup on the short-
wave radiation sensors, caused by the westward advec-
tion of dust from the Sahara Desert, may cause short-
wave radiation measurement errors at all locations. In-
deed, the shortwave radiation record from the

































