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Abstract Analysis of coupled ocean-atmosphere numerical simulations revealed a widespread
oscillation of sea surface temperature (SST) and surface wind anomalies with a cyclic nature characterized
by a period of 3 to 6 days. Similar oscillations were also found in buoy data at different locations around
the globe and in an atmospheric reanalysis, albeit the oscillations were noisier and stronger in the
observations, and they were weaker and longer period in the atmospheric reanalysis. These oscillations did
not, however, develop in an atmosphere-only simulation, suggesting the importance of ocean–atmosphere
coupling for simulating this phenomenon. We propose a mechanism for this interaction involving a
feedback between SST and surface wind.

1. Introduction
Earth system models suffer from prediction errors and biases, especially but not exclusively in the vicinity
of the air–sea interface (Intergovernmental Panel on Climate Change (IPCC), 2013). Several recent studies
have described feedbacks (or interactions) between the atmosphere and the ocean that may both play impor-
tant roles both in terms of understanding dynamical processes in the earth system (e.g., Chelton & Xie, 2010;
Ma et al., 2016; Zebiak, 1993) and in terms of prediction skill (e.g., Alexander et al., 2002; Kirtman et al.,
2012; Richter, 2015; Rodwell & Folland, 2002). The consequences of misrepresenting air–sea feedbacks on
surface fluxes have negative impacts for the major uncoupled atmospheric and oceanic reanalyses and state
estimates (Balmaseda et al., 2015; Valdivieso et al., 2017). Some of the consequences of missing air-sea feed-
backs were discussed in Strobach et al. (2018). Investigating air-sea interactions and identifying the cause
for the lack of fidelity in their representation in climate models may, therefore, have important implications.
The present study identifies and investigates a widespread oscillation of sea surface temperature (SST) and
surface wind anomalies with a cyclic nature characterized by a period of three to six days.

Studies using coarse-resolution observationally based products generally found a negative correlation
between SST and surface wind speed (or wind stress) anomalies at monthly time scales (Liu et al., 1994;
Mantua et al., 1997; Okumura et al., 2001; Xie, 2004). This interaction between the ocean and the atmosphere
was interpreted as the ocean passively responding to wind-induced latent and sensible heat fluxes (Liu et al.,
1994). More recent studies have focused on air-sea feedbacks caused by the presence of oceanic mesoscales,
whereby wind speed anomalies are stronger over warm ocean anomalies and vice versa (Chelton et al., 2001;
Chelton & Xie, 2010; Hashizume et al., 2001; Liu et al., 2000). The most common explanation for the pos-
itive correlation is that positive SST anomalies increase planetary boundary layer (PBL) instability and the
resulting turbulence acts to transfer momentum from upper atmospheric levels to the surface (Chelton &
Xie, 2010). This is similar to air-sea feedback mechanisms that have been used to explain the propagation
of tropical instability waves (Hayes et al., 1989; Wallace et al., 1989). Positive correlations between SST and
wind speed anomalies were also reported in the modeling study of Bryan et al. (2010), who found that posi-
tive correlations only occur when the ocean model is configured with horizontal grid spacing that can admit
mesoscale eddies.

There is a growing number of modeling studies that demonstrate the effect of mesoscale ocean features (e.g.,
mesoscale eddies and western boundary currents) on the atmosphere. Most of these studies, however, were
carried out using atmosphere-only models. Some studies showed local effects on the atmosphere such as
changes in the cloud properties and rainfall (e.g., Frenger et al., 2013; Liu et al., 2018; Small et al., 2008).
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Others demonstrated the influence of ocean mesoscale eddies on large-scale atmosphere phenomena, such
as atmospheric blocking, storm tracks, and monsoon rainfall (e.g., Farneti et al., 2010; Foussard et al., 2019;
Kuwano-Yoshida & Minobe, 2017; Matsueda et al., 2009; Ma et al., 2015, 2017; Zappa et al., 2013).

Studies of air-sea interactions that examined the relationship between SST and wind speed anomalies mainly
focused on regions with strong mesoscale ocean features, for example, western boundary current extensions,
the Antarctic Circumpolar Current (ACC), and tropical instability waves. These features are all associated
with sharp spatial SST gradients, have horizontal scales of 10 to 1,000 km, and decorrelation time scales
larger than 30 days. Analysis of observations and model data with temporal resolution of a month or more are
adequate to resolve these scales of ocean variability, and, indeed, most of the previous studies have focused
on those longer time scales. However, the time scale at which the atmosphere interacts with the ocean is
expected to be considerably shorter than the 30-day life cycle of the ocean mesoscale features discussed in
these studies. Additionally, the spatial scale of the interactions is expected to be closer to the scale of smaller
ocean mesoscale eddies. Investigating shorter time and space scales may provide us with insights on how
the atmosphere responds to oceanic changes and whether the response is part of ocean-atmosphere feed-
back loops. In this study, we analyze coupled and uncoupled ocean-atmosphere simulations, atmospheric
reanalysis results, and buoy observations using daily temporal sampling in order to explore the potential for
high-frequency (submonthly) atmosphere-ocean feedback mechanisms.

2. Materials and Methods
During the past few years, the model development groups of the Goddard Earth Observing System (GEOS)
atmospheric model and the Massachusetts Institute of Technology (MIT) general circulation model (GCM;
MITgcm) ocean model have produced, respectively, global atmosphere-only and ocean-only simulations
with kilometer-scale grid spacing. These simulations have proved invaluable for process studies and for the
development of satellite and in situ sampling strategies. Nevertheless, a key limitation of these “nature”
simulations is the lack of interaction between the ocean and the atmosphere, which limits their usefulness
for studying air-sea interactions. To remove this limitation, the two modeling groups have worked to couple
the GEOS atmospheric GCM (AGCM) to the MITgcm ocean model in order to produce high-resolution
coupled simulations.

We briefly describe the particular configurations of these two models as they are used in our study. The
GEOS AGCM's dynamical core and suite of physical parameterizations is described in detail in Molod et al.
(2015) and in Gelaro et al. (2017). In this study, the surface parameterization of turbulent fluxes is a mod-
ified version of the parameterization documented in Helfand and Schubert (1995), with a wind stress and
surface roughness model modified by the updates of Garfinkel et al. (2011) for a midrange of wind speeds,
and further modified by the updates of Molod et al. (2013) for high winds. The GEOS AGCM's cubed-sphere
grid was configured to run with nominal horizontal grid spacing of 14 km. The vertical grid type is hybrid
sigma-pressure with 72 levels. MITgcm has a finite volume dynamical core (Marshall et al., 1997). It has a
nonlinear free-surface and real freshwater flux (Adcroft & Campin, 2004) and a nonlocal K-profile param-
eterization scheme for mixing (Large et al., 1994). The MITgcm grid type is the so-called “Lat-Lon-Cap”
(Forget et al., 2015), and it was configured to run with nominal horizontal grid spacing of 4-9 km. The vertical
grid type is the z∗ height coordinates (Adcroft & Campin, 2004) and it has 90 vertical levels.

The GEOS-MITgcm atmosphere-ocean interface includes a skin layer model (Price et al., 1978), configured
for the simulations described here to impose an hourly time scale on the interaction, and the communi-
cation between the ocean and atmosphere is updated at every atmospheric model time step (3 min). In
atmosphere–ocean GCM (AOGC) mode, the SST is the temperature of the skin layer. When running in
AGCM mode, GEOS uses the atmosphere–ocean interface layer of Akella et al. (2017), which allows the
lower boundary condition for the atmosphere to differ from the values prescribed in the ocean tempera-
ture data set, and includes a sensitivity of the SST to the surface winds. In this mode, the SST is the lower
boundary condition of the atmosphere.

Three different high-resolution experiments were carried out: (i) ocean-only (OGCM), (ii) atmosphere-only
(AGCM), and (iii) coupled atmosphere–ocean (AOGCM). The OGCM experiment was of 6-month duration
(January–June 2012) and was forced with six-hourly surface atmospheric conditions from the 0.14◦ ECMWF
analysis starting in 2011. This OGCM experiment was performed in order to generate the initial conditions
for the ocean in the AOGCM experiment and the SST and sea ice boundary conditions for the AGCM
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Figure 1. Lagged correlations between SST and wind speed tendencies
between 50◦, S to 50◦, N. Positive lags correspond to SST leading the wind
speed. The tendencies were calculated using the difference between two
consecutive 24-h running means, offset by 1 h. AGCM = atmospheric
general circulation model; AOGCM = atmosphere–ocean general
circulation model; MERRA-2 = Modern Era Retrospective Reanalysis for
Research and Applications Version 2.

experiment. The AGCM experiment was of 2-month duration (9 Febru-
ary to 9 April 2012). It was forced with SST and ice fraction from the
OGCM, and initial conditions were taken from the Modern Era Retro-
spective Reanalysis for Research and Applications Version 2 (MERRA-2,
Gelaro et al., 2017). The AOGCM experiment was of the same duration
(9 February to 9 April 2012). The AOGCM ocean state was initialized
from the OGCM experiment, and the atmosphere used the same ini-
tial conditions as the AGCM experiment (MERRA-2). An additional
low-resolution AOGCM experiment was carried out, with nominal hori-
zontal grid spacing of 1◦ and the same initial conditions as those used for
the high-resolution experiment.

3. Results
In this study, we focus on daily time scales in order to exclude corre-
lations enhanced by the diurnal cycle. No spatial high-pass filter was
applied here, as was commonly done in previous studies, for example,
Chelton and Xie (2010) & Bryan et al. (2010). We examine the difference
between two successive days, referred to as the “tendency” rather than
full fields (Booth et al., 2017; Wallace et al., 1988). In Figure 1 we show
the 50◦, S–50◦, N averaged lagged correlation between tendencies of SST
and tendencies of 10m wind speed for the high-resolution AOGCM and
AGCM simulations, the low-resolution AOGCM (AOGCM-1DEG), and
MERRA-2.

Our coupled system exhibits negative correlations at lags −1, 0 days (neg-
ative lag means wind leads SST) and positive correlations at lags 1, 2 days
(SST leads wind). The AOGCM-1DEG simulation exhibits lagged correla-
tions that are very similar to the higher resolution AOGCM experiment;

however, the covariance in the AOGCM-1DEG simulation was found 30% smaller globally averaged suggest-
ing a smaller amplitude oscillation. Unlike the AOGCM experiments, there is considerably less correlation
in the AGCM simulation at any lag, and the negative correlation peak is shifted from negative lags to zero
lag, suggesting that the strong AOGCM correlations are due to inherently coupled processes. At lag zero,
some negative correlations are observed and may be attributed to the impact of the surface wind on the
SST through the formulation of the atmosphere–ocean interface layer (see section 2). Similar to the cou-
pled systems, MERRA-2 shows SST warming (cooling) at the same day and day after weaker (stronger)
winds, and SST warming (cooling) a day or two before stronger (weaker) winds. The MERRA-2 correlations
are weaker than the AOGCM correlations but stronger than the AGCM correlations. A possible explana-
tion for this is that MERRA-2, being an atmosphere-only reanalysis, can only describe inherently coupled
ocean–atmosphere processes when they are present in the assimilated observations. Positive correlations at
lags 1, 2 suggest that the wind speed is lagging the SST by 1 to 2 days. Together with the negative correlations
at lags −1, 0 this result suggests that there is a feedback cycle with a time scale of several days.

The amplitude of the tendencies of SST and wind speed were found to be non-negligible. For SST, the largest
of the daily tendencies are larger than 0.5◦C day−1, with typical values in the range from 0.1◦C day−1 to
0.3◦C day−1. These temperature tendencies extend down to the bottom of the ocean mixed layer (Figure 2).
Daily tendencies of wind speed are often larger than 3 ms−1 day−1. In many cases, turbulent flux variations
during a cycle can reach 200 Wm−1 day−1. The magnitude of these tendencies suggests that the oscillation is
characterized by strong variability. An example of the magnitude of the variations for two locations is shown
in Figure 2. The turbulent flux variations (top panels) often exceed 60 Wm−2 day−1, wind speed variations
(middle panels) are more than 3 ms−1 day−1 and ocean temperature variations (bottom panels) are larger
than 0.2◦C day−1 throughout the mixed layer. The figure also demonstrates a general behavior of SST cooling
collocated with strong wind speed. Turbulent fluxes (latent heat plus sensible heat, positive upward) are
positively correlated to the wind in general (no lag).

Figure 3 shows the spatial distribution of the correlations in the AOGCM, AGCM, and MERRA-2. For the
AOGCM experiment the correlation between SST and wind speed tendency is in general negative for lags
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Figure 2. Daily tendencies in the tropical pacific (left) and south Bermuda (right) of turbulent fluxes (top), surface wind speed (middle), and ocean temperature
at different levels (lower).

−1, 0 (first and second rows, respectively) and positive for lags 1, 2 (third and fourth rows) as seen in Figure 1.
A significance test for the correlation was performed as suggested in Von Storch and Zwiers (1999). A cross
spectral analysis of the SST and wind speed time series for each grid box showed a peak at a period ranging
between 3 and 6 days for most of the globe (not shown).

The cyclic behavior is much less well defined in the AGCM experiment (green line in Figure 1 and middle
panels of Figure 3). In Figure 3 it seems that the positive correlations exist in many regions, but the sign of
the correlation is changing from one location to another. For example, the positive correlation at lag −1 day
in the Eastern Pacific and in the Atlantic means that SST is lagging the wind at those locations. In MERRA-2
the lagged correlation pattern is more similar to the AOGCM in terms of the sign (negative at lags −1, 0
and positive at lags 1, 2) but the correlations are not statistically significant in many regions. The smaller
correlations in MERRA-2 may be caused by the lack of an active ocean. Another possibility is that the diurnal
cycle may play an important role in the correlation pattern, and MERRA-2 does not resolve the diurnal cycle
of SST, as it is forced (in 2012) by daily mean SST data interpolated to the time step (Bosilovich et al., 2015).

The cyclic nature of SST and wind speed variations was also found in buoy data. Lagged correlations com-
puted using data from three buoys in the tropical Pacific, three buoys at middle latitudes, and thwo buoys
in the tropical Atlantic for the same time period as the GCM experiments are shown (Table 1, Figure 4).
The oscillation pattern that was shown in Figure 1, suggesting a 3-to-6-day cycle, can also be found in the
buoy data in all three regions, although it is somewhat weaker and noisier in the Atlantic. A weaker oscil-
lation was also found in satellite-based observations by correlating surface winds from the cross-calibrated
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Figure 3. Correlations between SST tendency and wind speed tendency for -1,0,1 and 2 days for the AOGCM (left), AGCM (middle), and MERRA-2 (right).
Positive lag corresponds to SST leading the wind speed. Non-significant grid boxes are colored white. MERRA-2 = Modern Era Retrospective Reanalysis for
Research and Applications Version 2.

multi-platform (CCMP, Atlas et al., 2011) with SST from the optimally interpolated SST (OISST, Banzon
et al., 2016).

4. Discussion and Concluding Remarks
Coupled atmosphere–ocean model (AOGCM) results were used here to compute lagged correlations
between tendencies of surface wind speed and sea surface temperature. The pattern of negative correlation
at lags of −1, 0 days together with positive correlation at lags of 1, 2 days suggest a feedback or oscillation
with a period of several days. In Figure 5 we propose a mechanism for the oscillation. If we start at the top of
the schematic with a positive SST anomaly, the warmer water increases instability in the planetary bound-
ary layer (PBL) and transfers more momentum from the upper levels to the surface. The resulting stronger
wind speed at the surface (right side of schematic) increases upward latent and sensible heat fluxes and acts
to cool the ocean surface (bottom of schematic). A cooler ocean increases stability and slows the transfer of

Table 1
Buoy Locations

name lat lon
TAOTRITON 1 0◦N 140◦W
TAOTRITON 2 0◦N 155◦W
TAO/TRITON 3 0◦N 170◦W
North Hawaii (WHOTS) 23◦N 158◦W
North Hawaii 24◦N 154◦W
West Atlantic 27◦N 63◦W
PIRATA 1 20◦N 38◦W
PIRATA 2 19◦S 34◦W
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Figure 4. Lagged correlation between daily SST tendency and wind tendency from three tropical Pacific buoys (upper panels), three midlatitude buoys
(middle panels), and two tropical Atlantic buoys (lower panels). The results are for the time period of this study: 9 February to 9 April 2012. Buoys lagged
correlations are overlaid on the global AOGCM and AGCM lagged correlation patterns from Figure 1 (dashed). AGCM = atmospheric general circulation
model; AOGCM = atmosphere–ocean general circulation model; MERRA-2 = Modern Era Retrospective Reanalysis for Research and Applications Version 2.

stronger winds to the surface. This reduces the wind (left panel of the schematic) and so the upward latent
and sensible heat flux from the ocean resulting in a warmer ocean.

Correlations of SST with surface stability and turbulent fluxes (mainly through latent heat) were also found
and reinforce the results of this study (supporting information Figures S2 and S3). Though less coherent in
space and more sparse, SST was also found to correlate with atmospheric PBL height, cloud fraction, total
precipitation, and convective precipitation, suggesting widespread impacts on the atmosphere above the
PBL (Figures S4–S7). Misrepresentation of the oscillation in models, therefore, may have large implications
on the large-scale atmospheric circulation through teleconnection patterns related to tropical convection
and through changes of the wind patterns related to PBL height change.

The mechanism proposed in the schematic shown in Figure 5 exists globally, but there are regions where
the mechanism is less spatially coherent. These regions are characterized by strong prevailing winds such as
over the ACC. This may suggest that in those regions ocean up-welling and/or horizontal advection prevails.
The correlation between SST tendency and wind speed tendency is strongest for SST greater than 16 ◦,C
and wind speeds between 4 and 8 m s−1 (see Figure S8). Therefore regions of strong winds, for example,
the midlatitude winter storm track have smaller correlation. The intensity of mesoscale eddies does not
appear to play a significant role in modulating this 3-to-6-day oscillation since the correlation patterns are
comparable for mesoscale eddy-admitting and non-eddying coupled simulations (compare left column of
Figure 3 with Figure S9).

The low-resolution simulation also demonstrates the 3-to-6-day oscillation, similar to the high-resolution
experiment, but some statistically significant differences between the high- and low-resolution simula-
tions are found. The low-resolution simulation has slightly more negative correlation at negative lags and
slightly less positive correlation at positive lags. The duration of the oscillation is also slightly longer in the
low-resolution simulations as indicated by the small positive shift of the correlation peak at the positive lag
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Figure 5. A suggested mechanism for the 3-to-6-day oscillation. SST = sea surface temperature.

in Figure 1. The extension of the positive correlations to longer lags in the low-resolution simulation may
indicate that it takes more time for the wind to respond to changes in SST.

The time scale of this oscillation is longer than the turbulent time scale at the air–sea interface, and further
study is required to determine what sets the time scale. It was found that the oscillations are not phase-locked
with the daily cycle and so diurnal variations of solar heating and cooling do not set the time scale of the
oscillations. The 3-to-6-day period may in part be set by a mechanism similar to a discharge oscillator (Jin,
1997), in which heat is being stored in the upper ocean and removed after several days. We have documented
the presence of the 3-to-6-day oscillation in coupled models and in observations and plan to pursue the
details of the mechanism in future studies.
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