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ABSTRACT

The manner in which monthly mean sea surface temperature anomalies (SSTAs) show enhanced variance
at the annual period in the extratropics (an annual peak in the variance spectrum) is illustrated by obser-
vations and model simulations. A mechanism, related to the reemergence of winter SST anomalies, is
proposed to explain the annual peak in SST spectrum. The idea is supported by the analysis of a hierarchy
of models, including Intergovernmental Panel on Climate Change model simulations.

The results of the model experiments further suggest that the annual peak is either weak or absent if
decadal SST variability is forced by local air-sea interaction. However, if ocean subsurface temperature
variability forces decadal SST variability, the annual peak is much stronger. Strong annual peaks may
therefore be seen as an indication of ocean-forced decadal SST variability in the extratropics.

1. Introduction

In his pioneering work, Bjerknes (1964) discussed the
development and persistence of midlatitudinal sea sur-
face temperature (SST) anomalies (SSTAs) and their
influence on the atmosphere. He postulated that SSTA
in the North Atlantic from seasonal to interannual time
scales may be explained by local forcing of the atmo-
sphere only, while the SSTA on decadal time scales
might also depend on ocean dynamics. This is essen-
tially supported by observational (Deser and Blackmon
1993; Kushnir 1994) and modeling studies (Delworth et
al. 1993; Delworth 1996).

The passive role of the ocean is also elaborated in the
publication of Hasselmann (1976). He establishes the
concept of a climate system, which is divided in a fast
(atmosphere) and a slow (ocean) part. In this concept,
the SSTAs are only a result of the integration of the
atmospheric heat fluxes by the ocean mixed layer
(ML), which should be an autoregressive process of the
first order (AR1 process). The model introduces the
atmospheric forcing as the primary cause of low-
frequency SST variability, which is still considered to be
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the main cause for extratropical SST variability (e.g.,
Frankignoul 1985; Barsugli and Battisti 1998).

More recent studies have shown that most spectra of
extratropical SSTA do not quite follow the AR1 pro-
cess. Hall and Manabe (1997) demonstrated that the
SST variability at some locations cannot be explained
by an AR1 process, and more recent studies by Dom-
menget and Latif (2002), Fraedrich et al. (2004), and
Dommenget and Latif (2008) pointed out that the
large-scale statistics of SST variability are generally in-
consistent with an AR1 process. Using numerical mod-
els, they showed that either mixed layer depth (MLD)
variability or the interaction of the ML with the sub-
mixed layer is responsible for this inconsistency. Thus,
the deviations in the SST spectra are still not attributed
to lateral ocean dynamics, but correspond to a slightly
more complex model of local air-sea interaction. The
atmospheric forcing still appears to be the driving force
of SST variability.

Namias and Born (1970, 1974), and later Alexander
and Deser (1995), describe the reemergence effect of
wintertime SST anomalies in the following fall and win-
ter. They described this effect as follows: The deep
MLD and strong atmospheric forcings during winter
allow for the creation of persistent temperature anoma-
lies in the upper ocean, which are isolated during sum-
mer by a shallow MLD. The past winter SSTA re-
emerges in the subsequent winter when the MLD deep-
ens again. The reemergence effect appears in regions
with large differences in the MLD between winter and
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TABLE 1. All model simulations discussed in this study are shown.

Name Atmosphere Ocean Ocean resolution, lon X lat  Length (yr) Comment
CCCMA GCM GCM 192 X 96 340 IPCC preindustrial
CISRO GCM GCM 192 X 189 340 IPCC preindustrial
GISS GCM GCM 360 x 180 340 IPCC preindustrial
HADLEY GCM GCM 288 X 144 340 IPCC preindustrial
IPSL GCM GCM 180 X 170 340 IPCC preindustrial
METEO GCM GCM 180 X 170 340 IPCC preindustrial
MRI GCM GCM 144 x 111 340 IPCC preindustrial
MPI GCM GCM 128 X 117 340 IPCC preindustrial
NCAR GCM GCM 320 X 395 340 IPCC preindustrial
ECHAMS5-MPI-OM GCM GCM 120 X 60 2 X 500 Tropics decoupled
ECHAMS-slab GCM Slab 96 X 48 300 No ocean dynamics
ECHAMS5-OZ GCM Slab 96 X 48 800 Multilayer, no ocean dynamics
ECHAMS-OZfix GCM Slab 96 X 48 300 Seasonally prescribed mixed layer depth
BB-OZ Statistical Slab 1x1 10 000 Sensitivity studies

summer, for example, in the North Pacific or North
Atlantic (Alexander et al. 2000; Timlin et al. 2002;
Bhatt et al. 1998). Moreover, currents have to be rela-
tively weak and temperature anomalies must be coher-
ent over broad areas (Timlin et al. 2002). De Coé&tlogon
and Frankignoul (2003) find that a simple SST reemer-
gence model has a broad peak in the SST anomaly
spectrum at the annual period.

The present study focuses on this annual peak fea-
ture in the variance spectrum of SSTA in the extratrop-
ics. We will illustrate that long time series of SST have
a peak at the annual period in the variance spectrum of
SSTA in both the observations and in the atmosphere—
ocean general circulation models (AOGCMs) on top of
the red-noise spectrum. The association of this annual
peak with the reemergence mechanism and subsurface
decadal oceanic variability is investigated. A hypothesis
will be introduced to explain this anomalous variance at
the period of 1 yr, which will be tested using a one-
dimensional ocean mixed layer model.

The paper is organized as follows: In the following
section a short description of the observational dataset,
the models used, and some definitions of statistical pa-
rameters are given. The analyses of observed and simu-
lated SST spectra are presented in section 3. A mecha-
nism for the time-scale interaction between low-
frequency subsurface oceanic variability and the annual
cycle is described in section 4, which is tested in section
5 with the aid of a simple model. In section 6 the effect
of the length of the time series on the appearance of the
annual peak will be shortly discussed. The results are
summarized and discussed in section 7.

2. Data, models, and methods

A description of all data and models used in this
study are given below. Table 1 summarizes all of the
model simulations used.

a. Data

For the analysis of observations of sea surface tem-
perature the Hadley Centre Sea Ice and SST (HadISST)
dataset with a resolution of 1° X 1° is used. This dataset
was chosen because of its relatively long period from
1870 to 2003 and its global coverage (Rayner et al.
2003). The dataset was interpolated onto a coarser 3° X
3° grid. Thus, the presentation of the statistical param-
eters becomes less noisy.

b. Intergovernmental Panel on Climate Change
models

Nine state-of-the-art global coupled ocean-—
atmosphere general circulation models (CGCMs) are
used, which were conducted within the framework of
the Fourth Assessment Report (AR4) of the Intergov-
ernmental Panel on Climate Change (IPCC; Solomon
et al. 2007). We used only preindustrial control simula-
tions, which were long enough to study the multidecad-
al variability. External forcing factors are not consid-
ered in these simulations, so that we can obtain uncon-
taminated estimates of the internal variability from the
model runs. The following are the nine models from the
IPPC database: Canadian Centre for Climate Modeling
and Analyzing (CCCMA), Canada; Commonwealth
Scientific and Industrial Research Organization
(CSIRO), Australia; National Aeronautics and Space
Administration (NASA) Goddard Institute for Space
Studies (GISS), United States; Met Office Hadley
Centre (HADLEY), United Kingdom; Institut Pierre
Simon Laplace (IPSL), France; Météo-France
(METEO), France; Max Planck Institute for Meteorol-
ogy (MPI), Germany; Meteorological Research Insti-
tute (MRI), Japan; and National Center for Atmo-
spheric Research (NCAR), United States. See Table 1
for a summary of the IPCC models used.
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All of the models were considered together, each
with a 340-yr time series (3060 yr, in total), and all of
the models are interpolated SST onto a common
coarser 3° X 3° grid, which provides a multimodel es-
timate of the SST variability.

c¢. ECHAMS with different ocean models

In addition to the most realistic CGCMs we used a
series of CGCMs using the ECHAMS atmosphere
model coupled to different simplified ocean models.
The ECHAMS is a state-of-the-art atmospheric general
circulation model that is run at horizontal resolution of
T31 (3.75° X 3.75°) with 19 vertical levels (Roeckner et
al. 2003).

1) ECHAMS-sLAB

The ECHAMS is coupled to a simple slab ocean
model, which only simulates the heat capacity of the
upper 50 m of the ocean. The ECHAMS-slab was inte-
grated over 300 yr.

2) ECHAMS-OZ

In a second simulation, the ECHAMS model is
coupled to a simple one-dimensional ocean mixed layer
model OZ, which is similar to the model of Alexander
and Penland (1996). The ocean model OZ is repre-
sented by 19 vertical layers that are connected through
vertical diffusion only. Thus, ocean grid points do not
communicate with lateral neighbors. Density depends
on temperature and salinity, but density variations are
only temperature driven. The salinity profile is fixed to
the climatology of Levitus (1982). The ocean is driven
at the surface by heat flux and mechanical wind mixing
(Niiler and Kraus 1977). The temperature of the lowest
layer at a depth of 500 m is restored to the observed
climatology. The effects of the time mean ocean cur-
rents are included by a so called Q-flux scheme, which
ensures a realistic mean state. Changes in ocean cur-
rents, however, are not considered. The ECHAMS-OZ
model was integrated for 800 yr.

The model produces realistic monthly mean SST
standard deviations, including the seasonal differences,
and it has a realistic SST spectrum in the mid- and
higher latitudes (Dommenget and Latif 2008). The
model produces a realistic reemergence of SST anoma-
lies resulting from a realistic seasonal cycle of the MLD
and the storage of winter temperature anomalies in
deeper layers. Because of missing ocean dynamics the
SST variability in the tropics is much weaker than that
observed and has unrealistic spatial structures. The
model should therefore only be considered for extra-
tropical SST variability.
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3) ECHAMS5-OZFix

The ECHAMS-OZ model is also used with a MLD,
which is seasonally prescribed. Thus, the effects of wind
mixing and anomalous MLD are neglected, but the re-
emergence mechanism resulting from the seasonal
cycle of the MLD is conserved. The ECHAMS-OZfix
model was integrated for 300 yr.

4) ECHAMS-MPI-OM

We further analyzed twin experiments with
ECHAMS T31 resolution coupled to the MPI Ocean
Model (MPI-OM) ocean GCM to investigate the role
of tropical forcing for the extratropical SST variability.
In the control experiment both the ocean and atmo-
sphere are fully coupled, and in the second sensitivity
experiment the tropical (20°S-20°N) SST in the Indian
and Pacific Oceans is held fixed to the control climato-
logical values. Both simulations are 500 yr long. The
experiments are discussed in more detail in Semenov
and Latif (2006).

d. A simple one-dimensional statistical atmosphere
0Z model

For sensitivity studies with the OZ model, we also
use the simple one-dimensional statistical atmosphere
model following Barsugli and Battisti (1998) to gener-
ate realistic heat flux anomalies (termed BB-OZ):

aT, . .
Yo gy = “MeaTa = To) = ATu + o (1
where Ta and TO are the anomalous atmospheric tem-
perature and SST, respectively. The heat capacity of the
atmosphere is given by y, = 10’ J K™' m~2 The cou-
pling parameter was chosen to be similar to that of
Barsugli and Battisti (1998), with A, = A, =25 Wm 2
K™ 'and A\, = 30 W m 2 K~'. The weather forcing F,
was chosen to be white noise with a standard deviation
of o (F,) = 50 W m 2 to generate realistic SST anomaly
amplitudes. The anomalous heat flux to the ocean
model is given by

E, =

_)\ao(’fo - Ta) (2)

The model allows the generation of realistic SST
variability in the extratropics that is comparable to
those of the ECHAMS-OZ simulation. For the mean
heat flux, wind stress, ocean temperature, and salinity
profiles we used those of the ECHAMS-OZ model at
50°N, 30°W. Wind stress anomalies are random white
noise with the standard deviation is identical to that of
the ECHAMS-OZ simulation. The model is integrated
for 10 000 yr at a daily time step.
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Fi1G. 1. Observed SST spectrum averaged over ice-free regions from 30° to 55°N: (a) the spectral variance density
I'(f), vs frequency in log-log presentation, and (b) fI'(f) over log(f) in a semilog presentation, which gives a better
presentation of the total variance over a log(f) band. The advantage of the latter representation for mainly
red-noise spectra is that peaks on higher frequencies become more visible and the relative importance of these

peaks are better represented.

e. Methods

1) ANNUAL VARIANCE RATIO F,,

The strength of a peak in the variance spectrum can
be quantified by comparing the variance at a given fre-
quency band with neighboring frequency intervals.
Spectral variance densities are expected to follow a x*
distribution, which are usually presented on a logarith-
mic scaling, because the spread of y*-distributed values
are proportional to the expected value and are tested
on the basis of ratios. We therefore define the annual
variance ratio F,, as

1
Flyr = log(rlyr) - z [log(rlyr+6f) + log(rlyrfsf)]-

)

Here, I'yy; 1y:=5 is the spectral variance density esti-
mated over a frequency band centered around 1, 1.27,
and 0.79 yr ! Fyy, is defined on the basis of log(10).
Thus, values of +1, 0, and —1 refer to a 10, 1, and 0.1
times larger variance I'y,, relative to the mean of Ty, 5
and T'yy, 5

For a white-noise spectrum the expected value of Fyy,
is zero. However, for a red-noise process the expected
value is slightly larger than 0, because of the nonlinear
spectral slope of the process. For a monthly mean red-
noise time series the expected value is smaller than
0.04, depending on the decorrelation time scale of the
process.

2) ANNUAL CYCLE AMPLITUDE Y,

The amplitude of the annual cycle for an given year
Y1,.(f) can be defined by projecting the 12-monthly

mean SST(m) values of the current year onto the 12-
monthly mean values of the normalized mean annual
cycle CSST(m) — CSST:

12
Yy(t) = > (SST(m) — SST)(CSST(m) — CSST)/12.
m=1

(4)

Here, SST denotes the annual mean of the current
year and CSST is the mean over all years; () is a
temperature value (K). If the mean annual cycle fol-
lows a sine function, then Y, (¢) is simply the amplitude
of the sine function for the current year.

3. Analysis of observed and simulated SST spectra

Figure 1 displays the mean spectrum of observed
SSTA (the mean annual cycle is removed), averaged
over 30°-55°N. The SST spectrum is mainly a red-noise
spectrum, with increased variance toward longer peri-
ods. The spectrum shows some fluctuations around the
mean red-noise slope at different periods; the strongest
deviation from the smoothed spectrum is clearly at the
annual period (see Fig. 1b).

Given one mean spectrum, the peak at the annual
period may be regarded as a fluctuation. It can, how-
ever, be illustrated that peaks at the annual period are
a more general feature of monthly mean SST spectra.

Figure 2 displays a global map of the annual variance
ratio F,y, [see Eq. (3) for a definition]. Regions with
positive values indicate enhanced variance relative to a
linear (log scale) increasing spectrum [for a definition
see section 2¢e(1)]. We can see that most regions, espe-
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FIG. 2. Global map of the annual peak ratio F;,, of observed monthly mean SST anomalies. The four marked locations are shown
in Fig. 3. Scaling is in logarithmic units; values of +1, 0, and —1 refer to 10, 1, 0.1.

cially at higher latitudes, have an annual peak. In Fig. 3
the spectra at four locations are depicted, which show
enhanced variance at the annual cycle. Apparent in
both the examples and Fig. 1b is enhanced variance, not
only at the annual cycle, but also at the semiannual
cycle. The semiannual cycle variance reflects the pres-
ence of a semiannual cycle in the mean annual cycle.

We now analyze model simulations, which not only
provide longer time series of “perfect” (but model de-
pendent) SST data and give more robust estimates of
the statistical parameters, but also enable the discussion
of possible physical processes associated with the an-
nual peak by comparing models with different com-
plexities in the simulation of ocean processes.

Figure 4a shows the mean spectrum of midlatitude
SST anomalies in the IPCC model ensemble. Because
of the much longer time series we can now clearly see
the annual and semiannual peak in the SST anomaly
spectrum. Note that this feature is present in eight of
the nine IPCC models, with larger peaks than the IPCC
model ensemble (Fig. 4a) for GISS, METEO, MPI,
CCCMA, smaller peaks for IPSL and CSIRO. The
HADLEY and NCAR simulations show just about the
same amplitudes and the MRI model shows no indica-
tion of peaks in the spectrum at any period (not shown).

Figures 4b—d show the analogous spectrum for the

CGCMs with the simplified ocean models. The
ECHAMS-0Z and ECHAM-OZfix models show some
weak indication of an annual and semiannual peak, but
they are much weaker than the fully dynamical IPCC
models. The ECHAMS-slab model essentially repre-
sents the Hasselmann (1976) null hypothesis for SST
variability (red noise), which shows no annual or semi-
annual peaks. The differences between the models in-
dicate that the annual peak may be related to the sea-
sonally varying mixed layer depth and the associated
reemergence mechanism, the process by which the
ECHAM-OZfix model deviates from ECHAMS5-slab.
It further seems that ocean dynamics (cf. IPCC models
with ECHAMS5-OZ) amplify the annual peak charac-
teristics considerably.

Tropical SST variability is a possible forcing for ex-
tratropical SST that is not simulated in the ECHAMS-
OZ simulation, which may influence the annual peak.
We analyzed twin experiments with the ECHAMS-
MPI-OM to investigate the role of tropical forcing (see
Fig. 5). We can see that the SST spectrum of extratrop-
ical SST in the control simulation has a strong peak at
about a 4-yr period, indicating the response to tropical
Pacific El Nifio variability. In comparison to the experi-
ment with the tropical SST variability removed, we can
see that the interannual-to-decadal variability is re-
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F1G. 3. Observed SST spectrum at four locations, marked in Fig. 2.

duced by about 10%-20%, but the annual peak is es-
sentially unaffected. The annual peak is even more pro-
nounced when tropical SST variability is absent. From
this experiment we conclude that the annual peak is
essentially independent of tropical forcing.

Figure 6 displays the map of the annual peak ratio
Fy,, for the IPCC models ensemble. The map shows
that enhanced annual variance is predominantly
present at higher latitudes, but is mostly absent in the
tropics. The TPCC models show much weaker annual
peaks in lower latitudes compared to the observations,
especially in the tropical Indian Ocean. Some devia-
tions may arise from the global warming trend in the
observations, which are not included in the models.
However, one has to be careful in the interpretation of
the observational annual peaks, which are much more
uncertain than the models, because of the reduced data
quality of the seasonal cycle over most regions and the
much shorter time series.

We can compare the observations with different
models by zonally averaging the annual peak ratio Fy,,
(see Fig. 7). The observations and the IPCC models
show good agreement with the tendency for the annual

peak to be stronger at higher latitudes. The ECHAMS-
slab model essentially fluctuates around zero, indicat-
ing no annual peak and the ECHAMS5-OZ and
ECHAMS-OZfix models show a latitude-independent,
spatially uniform, and weak annual peak of similar
strengths, with some enhancement near the western
boundaries.

4. A mechanism for the interaction between
decadal variability and the annual cycle

The annual peak in SST anomaly spectra reflects an
annual cycle in SST anomalies, which appears to be
related to the seasonal cycle of the MLD, as indicated
by the comparison of the different simple ocean models
coupled the ECHAMS atmosphere model. A similar
characteristic, of a combination of an annual cycle in
SST anomalies and the annual cycle of the MLD, has
been discussed in the context of reemergence of SST
anomalies in the extratropics (Alexander and Deser
1995). The reemergence mechanism is the basis for un-
derstanding the annual peak in SST anomaly spectra.
De Coétlogon and Frankignoul (2003) showed that a
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FI1G. 4. As Fig. 1, but for different model simulations.

simple conceptual model that includes the reemergence
mechanism has a broad peak in the SST anomaly spec-
trum at the annual period.

Figure 8a displays a section from a time series of the
SST and temperatures at 250-m depth (7%sg,,) of the
IPCC-GISS model in the North Atlantic to illustrate
this mechanism. This depth of 250 m is approximately
below the mean wintertime MLD. The time series
shows that the SST during winter follows the variations
of T,s50, quite well. During the summer the SST does
not follow the variations of T, as well, with the mean
deviations from the mean annual cycle somewhat
smaller than in wintertime (e.g., year 270, 285, and 289).
This type of behavior is found in most IPCC models,
but not in those with smaller or no annual peaks (IPSL,
MRI, and CSIRO).

In Fig. 8b the mechanism for the time-scale interac-
tion is displayed more clearly with the aid of a simpli-
fied sketch. For this sketch we added a decadal subsur-
face temperature variability (blue line) to a seasonal
cycle SST (black line), but scaled the amplitude with a
seasonal scaling factor. The decadal signal is fully
present only in wintertime and fully absent during sum-
mertime (red line). The resulting SST anomaly time

series (green line) has a decadal signal and an anoma-
lous seasonal cycle during the peak phases of the de-
cadal signal. Thus, the seasonal cycle of the SST anoma-
lies is modulated by the decadal variability. Subse-
quently, the spectra of SST anomalies will show not

ECHAM5-MPIOM midlat. SST spectrum
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FiG. 5. As Fig. 1, but for the ECHAMS5-MPI-OM simulations.
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FIG. 6. Global map of the annual peak ratio F,,, as in Fig. 2, but for the mean of all IPCC models.

only large decadal variance, but also a peak at the an-
nual frequency.

Further, this mechanism indicates that the strength of
the annual cycle is correlated to the decadal anomaly.
A positive (negative) decadal temperature anomaly,
which appears only during winter, reduces (enhances)
the annual cycle of this year, which suggests an anticor-
relation between the decadal SST anomalies and the
strength of the annual cycle. If anomalies appear only
during summertime we would find a positive correla-
tion between the annual mean and the annual cycle
amplitude. A similar mechanism, but on a shorter time
scale, has been described by Gu and Philander (1995)
for the interaction of El Nifio with the annual cycle of
the tropical Pacific SST.

The above relation between the annual mean and the
annual cycle amplitude variability can be quantified by
a cross-spectral analysis between the annual mean SST
and a time series of the strength of the annual cycle Y,
[see Eq. (4) for a definition], which is shown in Fig. 9 for
the mean of all of the IPCC models averaged over the
midlatitudes. The spectral variance of Yy, is smaller
than that of the SST, but has a similar red-noise behav-
ior, with the largest variance at multidecadal time
scales. The covariance is therefore also strongest at the
decadal-to-multidecadal time scales.

The coherence between the annual mean and annual
cycle variance is generally around 0.3, but it is increased
on the shortest periods of year-to-year variability. The
phase relation on the shorter time scales is in phase,
which corresponds to a positive correlation on the year-

Zonally averaged Annual Peak ratio
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FIG. 7. Zonal mean annual peak ratio F,,, of observed and
simulated monthly mean SST.
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FI1G. 8. (a) A section of the SST and 250-m-depth ocean temperature (blue line) time series of the IPCC model GISS, and (b) an
idealized sketch of SST variability.

to-year basis. On longer time scales the phase relation The reemergence mechanism (Alexander and Deser
shifts to 180°, which refers to a negative correlation on  1995; de Coétlogon and Frankignoul 2003) describes
these time scales. This phase relation on longer time the wintertime SST anomalies as being generated by
scales is consistent with the discussion of Fig. 8. The atmospheric forcing, which can be simulated in a simple
reemergence mechanism further suggest that the coher-  vertical mixed layer model, such as the ECHAMS-OZ
ence between the annual cycle and the subsurface tem- model. The ECHAMS-OZ model indeed simulates the
peratures should be even larger. This can be estimated features describe by Alexander and Deser (1995) and
by the cross spectrum between the February-March de Coétlogon and Frankignoul (2003), but does not
SST and Y,,, which is about 0.45 for decadal and longer ~ simulate the strong annual peak as observed or simu-
periods (not shown), thus supporting the reemergence lated in the IPCC models (see Figs. 4 and 7). This sug-

mechanism. gests that the dynamical ocean models have another
The positive correlation on short time scales indi- process that is important for the annual peak.
cates that the annual mean variation on this time scale A signature of the IPCC models that may be relevant

is dominated by summertime variability. This seems to  for the annual peak is a generally larger temperature
be plausible, because summertime variability is much variability below the base of the wintertime MLD, com-
stronger on seasonal time scales than wintertime vari- pared to the ECHAMS5-OZ model. In the ECHAMS-
ability. OZ simulation, temperature variability is entirely gen-
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erated by atmospheric forcing and is therefore forced
from the surface to the deeper layers. The standard
deviation of the temperature thus decreases monotoni-
cally with depth (not shown). In the IPCC models most
extratropical regions have at least equally strong tem-
perature variability at the surface and below the base of
the wintertime MLD. In some locations were the an-
nual peak is relatively strong we found that the tem-
perature variability below the base of the wintertime
MLD is even stronger than the SST variability. This
increased deep temperature variability in the IPCC
models, compared to the simple ECHAMS-OZ model,
indicates that the annual peak in large part may be a
reflection of the interaction of the local ML dynamics
and the internal oceanic variability.

5. Sensitivity studies with a one-dimensional mixed
layer model

The concept of the reemergence mechanism suggests
that the ECHAMS-OZ model should in principle be
able to produce the annual peak in the spectrum of SST
anomalies, if the ocean subsurface temperature or win-
tertime SST anomalies are strong enough, which does
not seem to be the case in the ECHAMS-OZ simula-
tion. We therefore conducted sensitivity studies with
the simple statistical atmosphere model of Barsugli and
Battisti (1998) coupled to the one-dimensional ocean
mixed layer model (BB-OZ; see section 2d for details
on the model). Note that the BB-OZ model is essen-
tially the stochastic climate model of Hasselmann
(1976), extended by a seasonal cycle of the mixed layer

and the associated reemergence and feedback to the
atmosphere.

We conducted one control experiment and two ex-
periments in which we artificially introduced decadal
temperature anomalies. In both sensitivity experiments
we introduced a red-noise time series with a decorrela-
tion time scale of about 10 yr. In the first experiment we
introduced the time series into the subsurface ocean
layers (at around 200-m depth), with a weak Newtonian
adjustment (a coupling time scale of about 2 yr). In the
second experiment we introduced the time series into
the atmospheric temperature 7, with a Newtonian ad-
justment of A = 25 W m 2 K~'. Because of the New-
tonian approach, the standard deviation in both simu-
lations was adjusted to produce the effective standard
deviation of the signal of about 1.0 K in the subsurface
ocean layer and at the atmospheric temperature 7.
Each simulation and a control simulation was inte-
grated over 10* yr.

Figure 10 shows the spectra of the sensitivity experi-
ments in comparison to a control experiment. Note that
the control simulation of BB-OZ shows the annual
peak, which is in agreement with the much simpler con-
ceptual model of de Coétlogon and Frankignoul (2003).
The strength of this annual peak in the BB-OZ model
depends on the seasonal cycle of the MLD, the heat
fluxes (F,), and the wind stress. Strong seasonal cycles
in each of these quantities favor the existence of the
annual peak.

If a decadal signal is put into the subsurface ocean
temperature, the SST anomaly spectrum shows a strong
annual peak. However, an equally strong signal forced
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F1G. 10. Spectra of SST anomalies from the simple one-dimensional atmosphere OZ model sensitivity runs.

from the atmospheric temperatures does not produce
an equally strong annual peak. These sensitivity studies
therefore suggest that the annual peak in the observed
SST and in the IPCC models’ SST may be understood in
the context of the mixed layer ocean model if additional
subsurface ocean temperature variability is introduced.

The sensitivity experiments can be repeated with the
OZfix model, using the seasonally prescribed MLD.
The results are essentially the same, but the OZ model
with interactive MLD is more sensitive to temperature
anomalies below the mean wintertime MLD, leading to
stronger decadal SST anomalies and to slightly stronger
annual peaks. However, these results depend on the
MLD climatology and on the position of the subsurface
ocean temperature anomalies.

6. Effects of the length of the time series

The expected value of the variance density of a
power spectrum I'(f) usually is not dependent on the
length of the time series. The length of the time series
generally only effects the uncertainty of I'(f). However,
the annual peak value caused by the decadal modula-
tion of the annual cycle of SST will be affected by the
length of the time series, because the estimation of the
mean annual cycle is done over the same limited time
series.

To illustrate the impact of the length of the time
series onto the annual peak value, we calculated the
variance spectrum of the SST anomalies in the sensi-
tivity run in section 5 of Fig. 10a based on time series
with different lengths (see Fig. 11). Note that the simple
model is used only to have long statistics, but the results

are equally valid for the IPCC models; however, the
observations are too short to illustrate this effect.

The spectrum T, is based on a 10*-yr-long time
series with the mean annual cycle of the entire period
removed (identical to the red line in Fig. 10a). The
spectrum I, is the mean of 250 X 40 yr long time
series, with the mean annual cycle of only the corre-
sponding 40-yr time period removed for each of 250
time series. Thus, Iy, represents the spectrum of a
time series for which only 40 yr of data are available.

The comparison of T',,, and Iy, shows that the
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FIG. 11. Spectrum of SST anomalies from the sensitivity simu-
lation as in Fig. 10a estimated from long and short time series.
Anomalies are defined for the long and short time series individu-
ally, by subtracting the mean annual cycle of the corresponding
time series.
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spectral variance density is the same for both estimates
at all frequencies except for the annual frequency and
its subharmonics. The reduced variance at annual fre-
quency and its subharmonics are caused by subtracting
the mean annual cycle of the relatively short time pe-
riod and therefore subtracting a significant fraction of
the anomalous decadal modulation of the annual cycle.
Most observational datasets of SST are much shorter
than the HADISST dataset, and the annual peak will,
therefore, not be detectable within these shorter time
series.

7. Summary and discussion

In this study we have analyzed the observed spec-
trum of monthly mean SST anomalies of 100-yr-long
time series. The spectrum shows a weak indication of a
peak at the annual frequency, which appears to be a
global feature, with the strongest amplitudes at high
latitudes.

To better understand this signature we have analyzed
a series of model simulations with much longer statistics
and varying complexity in the representation of the
ocean processes. The IPCC model simulations clearly
illustrate that the annual peak is a significant feature of
monthly mean SST anomaly spectra, which have a clear
dependence on the latitudes. The annual peak ampli-
tude is small in the tropics and increases with latitude.
The signature of the annual peak is missing in coupled
simulations with a simple slab ocean model, which
simulates neither the annual cycle of the MLD nor the
reemergence process. A simple local one-dimensional
mixed layer model (OZ) that can simulate the seasonal
cycle of the MLD and the reemergence process does
show some indications of the annual peak being similar
to the simple conceptual model of de Coétlogon and
Frankignoul (2003), but the signature is much weaker
compared to the fully dynamical ocean models. How-
ever, the annual peak can be simulated in the OZ
model if additional subsurface decadal ocean tempera-
ture variability is introduced. We therefore conclude
that the annual peak is a reflection of the reemergence
mechanism. Decadal SST anomalies are more pro-
nounced in wintertime, which lead to a seasonal cycle of
SST anomalies. This annual cycle of the SST anomalies
manifests itself in an annual peak in the variance spec-
trum. This mechanism leads to a weak covariance of the
annual mean SST and the strength of the annual cycle
in the IPCC models. The strength of the annual cycle is
slightly anticorrelated to the decadal SST variability.

We think that the main difference between the fully
dynamical ocean models and the simple local mixed
layer ocean model is that the fully dynamical ocean
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models additionally can generate temperature, or, more
generally, density variations in the subsurface ocean
that are essentially independent of local atmosphere
forcing or are at least mainly forced from ocean internal
processes. This oceanic variability is picked up by the
deep wintertime mixed layer and brought to the sur-
face, leading to the stronger annual peak in the SST
spectrum. A simple coupled GCM experiment by Cas-
sou et al. (2007) showed that subsurface temperature
anomalies introduced into the submixed layer of the
North Atlantic do indeed reemerge in the subsequent
fall and winter and influence the SST and atmosphere.

On the other hand, if the local ocean model
ECHAMS-OZ integrates atmospheric forcings, even
those including strong decadal signals, the annual peak
signature in the SST spectrum is much weaker. Thus, it
appears that the annual peak signature is more effi-
ciently forced by oceanic variability. This in turn means
that, in regions with strong annual peaks, the covari-
ance between the time series of multidecadal variability
of the annual cycle strength Y;,, and the annual mean
time series is covariant with ocean-forced decadal vari-
ability. The atmospheric-forced decadal variability will
have a weak covariance in these regions. Because sub-
surface ocean data are rarely observed over long time
periods (many decades), time series of Yy, could be a
first-guess proxy for the subsurface ocean temperature
variability on multidecadal time scales in regions with
strong annual peaks.

The causes of nonlocal subsurface ocean variability
can be different at different regions and may be a com-
plex interaction between atmospheric forcings and the
upper ocean currents and stratification. The regional
structure of the annual peak strength in the IPCC mod-
els suggests that the kind of variability that may cause
the annual peak is increasing with latitude and has pro-
nounced strength in the west North Pacific, where the
Kuroshio leaves the coast, near the Bering Sea, and in
the central-northern North Atlantic. The main nonlocal
processes that are not simulated in the ECHAMS-OZ
simulations are Ekman pumping resulting from large-
scale wind curls, Rossby waves, and ocean current vari-
ability, such as mesoscale eddies or meandering of cur-
rents. Both Ekman pumping and Rossby waves can af-
fect the thermocline depth and therefore cause SST
variability. Both are also consistent with the increase of
variability with latitude. Miller and Schneider (2000)
pointed out that the SST variability near the Bering
Sea, a region with a relatively strong annual peak, is
caused by Ekman pumping resulting from the large-
scale wind curl of the Aleutian low and the SST vari-
ability in the west North Pacific, where the Kuroshio
leaves the coast, that are related to Rossby waves. This
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is again a region with a relatively strong annual peak.
They further find that local processes are more impor-
tant in the central North Pacific, which seems to be
consistent with the weaker annual peak amplitude in
this region.

It may further be noted that tropical SST variability
is a significant forcing of the extratropical SST, which
may amplify the decadal SST variability in the extra-
tropics. Here it may be of particular interest, because
the tropical Pacific SST variability has a pronounced
seasonal cycle, which in the real world may affect the
annual peak mechanism, but did not in our ECHAMS-
MIP-OM model.

However, we have to note that the mechanism pro-
posed in this study is based on model results, while the
observational records could neither support nor reject
this mechanism. Much of the conclusions drawn are
dependent on the ability of the ECHAMS-OZ model to
simulate the mechanism. It would therefore be helpful
to verify the results with other models or a better spa-
tial resolution. We think that the observational record
is currently too short and too limited in quality to ana-
lyze the details of the annual peak phenomenon (e.g.,
cross-spectral analysis is too noisy). One quality limita-
tion in the HADISST dataset may be the limited num-
ber of observations per year and per grid point over the
early decades of the dataset. However, detailed analysis
of high-quality profiles in regions with many decades of
seasonally resolved data may help to study the phenom-
enon.

Another aspect that is currently not well understood,
which is not discussed in this analysis, is the effect of
subsurface salinity variability, which in many cases is
coherent with subsurface temperature variability.
While the salinity has no direct effect on the SST, it will
have an effect onto the MLD and its seasonal cycle. It
is therefore likely that subsurface salinity variability
may also have an effect on the annual peak of SST
anomaly spectra. For example, larger salinity in the
subsurface could stabilize the summer ML, which
would lead to reduced ML deepening during the early
fall season. Such a mechanism would cause warm SST
anomalies in the late summer to early fall. The same
salinity anomaly could result into cold SST anomalies
during the winter season, depending on the mean tem-
perature profiles and the atmospheric forcing. Subse-
quently, the subsurface salinity anomaly could cause
annual cycle variations, while the annual mean SST is
undisturbed. The combined effect of temperature and
salinity variability in the subsurface may therefore lead
to variability that could be understood in terms of an-
nual mean variability and annual cycle variability.
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