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Examination of Persistence
Associated with Coupling

The results of Chapter 4 suggest that midlatitude air-sea interaction leads to increased
persistence of atmospheric anomalies. In this chapter theincreasein persistenceisfirst doc-
umented and then the responsible mechanisms are examined in more detail. Model dataare
examined from the atmosphere, the surface mixed layer, and the deeper convective-diffu-
sion portions of the ocean to document the characteristics of the persistence and to shed
light on mechanismsthat act to increase the persistence of climate variability in the coupled
system. The vertical structure of ocean temperatures are analyzed using correlation, com-
posite, and regression analysis to examine the role of submixed layer anomalies on the
mixed layer. The influence of entrainment on ocean temperature anomaliesis examined in
a series of OWF experiments (see definition of OWF in Section 2-1), in whichthe MLM is
forced with heat and momentum fluxes from the fully coupled simulation.

The examination of persistence is separated into two parts according to physical pro-
cessesin order to begin to unravel the complex interactions that are taking place. First, the
influence of entrainment of water from below the mixed-layer can have an impact on the
variability and persistence of oceanic and atmospheric temperature anomalies (Figure 5-1)
by changing the upper layer heat content through the transfer of mass and heat. Secondly,
surface heat, momentum, and freshwater fluxes also change the variance and spectral char-

acteristics of both the ocean and the atmosphere. Note that momentum only drives turbu-
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lence and not currents in the MLM. Interactions at the surface of the ocean and the
atmosphere are examined in Chapter 4 and also in Section 5.1.

The persistence of anomalies is documented in Section 5.1. Section 5.2 examines
ocean temperature anomalies in the mixed layer and convective diffusive models. In Sec-
tion 5.3 therole of entrainment on persistence is examined with a series of one-way forced

sengitivity simulations. A summary is given in Section 5.4.

5.1 Persistence in the Atmosphere and Ocean

Visual inspection suggeststhat the time coefficientsfor thefirst EOF of seasonal (DJF)
air temperature in the coupled simulation (Figure 4-11a) vary on longer time scales than
those from the control simulation (Figure 4-11b). The autocorrelation of the time coeffi-
cients! of the dipole mode of variability of air temperature in the control and coupled sim-
ulations (Figure 5-2) confirms this observation. The persistence of the dipole mode of
variability on interannual time scales has increased with coupling as seen in the larger au-
tocorrelations of the time coefficients at lags of 1 and 2 years.

Thus far we have discussed the relationship between anomalies that are separated by
an entire calendar year, which was artificially set by the EOF analysis. Two indices of
monthly air temperature anomalies are constructed by averaging together model data at
grid points in the northern and southern centers of the dipole mode of variability based on
the EOF of air temperature (See Figure 5-3). Monthly autocorrelations of time series of
these averages for both coupled and control simulations, shown in Figure 5-4, highlight
possible differences between the southern and the northern part of the domain. In the north-
ern part of the basin (Figure 5-4a), the autocorrel ations decrease more slowly in the coupl ed
simulation than the control. At alag of about 10-11 months there is a notable increase in
the autocorrelations of the coupled simulation over those from the control. Thereisaso a

small increase with lag in the autocorrelations of the control simulation at alag of about 12

L Note that the lag isin years since the EOF is calculated using wintertime averaged (December to Febru-
ary) air temperature.
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months. Note that the time coefficients of EOF1 for wintertime (DJF) are also significantly
autocorrelated at alag of one year (Figure 5-2) in the coupled simulation. In addition, au-
tocorrelations of total surface heat fluxes (not shown) from the control simulation in the
northern part of the domain are weakly positive (0.2-0.3) between one winter and the next.
This suggests that there is some degree of persistence aready in the control simulation.

In the southern part of the domain, autocorrelations decrease more slowly with lag in
the coupled than in the control simulation (Figure 5-4b). The most notable differenceis at
alag of approximately 5 months, when the control autocorrelation is sightly negative and
the coupled autocorrelation has plateaued at a small positive value. The decrease of auto-
correlations between the coupled and control simulations appears to be smaller in the north
than the south: persistence in the anomalies in the north is enhanced more with coupling.

The seasonal variation of the persistence of anomaliesis examined by constructing au-
tocorrelations that begin at each of the months of the year for monthly lags. Autocorrela-
tions that begin in March (Figure 5-5a) can account for the small peak at around 10-11
months seen in Figure 5-4ain the autocorrelations including all 12 months in the coupled
simulation. In the autocorrelations of air temperaturein the southern part of the domain that
begin in March (Figure 5-5b) there is no peak at 10-12 months. In the southern part of the
domain the monthly autocorrel ationsin the coupled simulation are stronger than the control
for lags up to four months (Figure 5-5b).

These autocorrelation plots (Figure 5-2 to Figure 5-5) indicate an increase of persis-

tence of air temperature anomalies on the interannual and monthly time scales.
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5.1.1 Namias and Born ‘Re-emergence’ M echanism

The statistically significant autocorrelation in the northern part of the domain between
air temperature in March and air temperature 10-11 months later may be explained by the
‘Re-emergence’ or ‘Namias and Born' hypothesis (Namias and Born, 1970 and 1974).
Ocean temperature anomaliesthat exist during late winter when the mixed layer isdeep are
sequestered below the shallow stable summer mixed layer. In the subsequent fall months
as the mixed layer deepens, the temperature anomalies from the previous winter are rein-
corporated into the mixed layer. A modeling and observational study by Alexander and De-
ser (1995) at northern midlatitude ocean weathership stations strongly supports the ‘ Re-
emergence’ mechanism.

A summary of monthly autocorrelations of air temperature starting at all monthsin the
northern part of the domain for the control and coupled simulations (Figure 5-6a and b)
shows the dominance of the winter to winter correlations over other quasi-annual correla-
tions. Correlations larger than 0.36 are statistically significant at the 95% or greater level.
The seasonal distribution of autocorrelations shown in Figure 5-6 are noisy and somewhat
confusing but are included to highlight several points. The autocorrelations in the control
simulation are weaker than those in the coupled simulation, with many more regions of
small correlations. The correlations between one winter and the following winter in the
coupled ssimulation (starting months of February to April) stand out in Figure 5-6 and are
the largest autocorrel ations (0.4-0.6) found during the year at alag of about 10-12 months.
Autocorrelations of observed air temperature (constructed in aparallel manner asthe model
autocorrelations) in the northern part of the domain (Figure 5-6¢) closely resemble those
from the coupled simulation and display large positive autocorrelations between air tem-
perature during winter and that at alag of 7-9 months. The observed correlationsare smaller
than those in the model, suggesting that the model over represents this process. Processes
such as advection due to Ekman effects, not included in the ocean model, influence ocean
temperatures in nature. The large autocorrelations (0.4 to 0.6) from winter to winter in the

coupled simulation tilt with a slope of approximately minus one month per one month lag.
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Thisindicates that winter air temperature during January to April is most strongly correl at-
ed with air temperature the following January, which suggests that the seasonal cycle plays
an important role in the ‘ re-emergence’ mechanism. Additionally, the autocorrelations for
shorter time scales in the coupled simulation decay more slowly then those in the control
simulation during the summertime (May to August). The summertime autocorrel ations will
be discussed further later in this section.

The most notable changes with coupling at shorter time lags occurs in both the north-
ern and the southern domains with a shift in the 0.4 autocorrelation time from alag of ~2
months to ~3 months (Figure 5-6 and Figure 5-7). As seen in the autocorrelations of air
temperature for the southern grid points during March (Figure 5-5b), the autocorrelation
from early spring to the following winter is not significant. The observed autocorrelations
in the southern part of the domain display weak correlations from one winter to the next
(Figure 5-7c), in agreement with the coupled simulation.

Autocorrelations of MLM ocean mixed layer temperature (Figure 5-8) are consistent
with the air temperature autocorrelations. In the northern part of the basin there are signif-
icant autocorrelations (Figure 5-8a) between ocean temperature during winter of one year
and that the following winter. Thisis not evident in the ocean temperature autocorrel ations
for southern part of the domain (Figure 5-8b). The autocorrelations of observed SST
(Figure 5-8c and d) are consistent with those of observed air temperature, with strong
(weak) autocorrelations of SST from one winter to the next in the north (south). Significant
negative correlations exist between ocean temperature during one winter and total heat flux
thefollowing winter (Figure 5-9). The evidence suggests that re-emergenceis primarily re-
sponsible for the persistence in ocean temperature anomalies seen at lags of 10-12 months.
In the southern part of the basin, significant autocorrel ations from one winter to the next do

not occur in model or in the observations.

5.1.2 Decreased Damping by Heat Fluxes

Thelargest increases with coupling of monthly autocorrelations of air temperature take
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place for autocorrelations that begin during the summer months in the northern part of the
domain. This is evident from comparing coupled and control autocorrelations for all
months of air temperature in the northern part of the domain (Figure 5-6a and b) around a
lag of 2 months. The autocorrelations that begin in July for air temperature averaged over
the northern and southern grid points are shown in Figure 5-10. Thereisalargeincreasein
the persistence of air temperature anomalies in the northern part of the domain and a mod-
erate increase in the south. A likely mechanism for thisincrease in persistence clearly vis-
ible during the warmer months of the year is associated with changes in ‘Thermal
Damping’ (Hasselmann, 1976; Frankignoul, 1985; Barsugli, 1995) as aresult of coupling.
This is not to say that changes in ‘Thermal Damping’ do not operate during the winter
months in this model, but just that it is more clearly seen in the warmer months. Turbulent
heat fluxes act to strongly damp air temperature anomalies when the ocean temperatures do
not vary (Frankignoul, 1985). In the coupled simulation, ocean temperatures respond to at-
mospheric anomalies and consequently the damping by heat fluxes of atmospheric anom-
alies decreases (decreased ‘ Thermal Damping’). This mechanism suggests that once the
atmosphere sets up a particular anomaly pattern, interaction with the ocean helpsto sustain
these climate anomalies.

Theanalysisof winter datain Chapter 4 showed an increase in seasona (DJF) variance
of air temperature with aconcurrent decrease in the variability of heat fluxes. These chang-
esinvariability are consistent with adecreasein ‘ Thermal Damping’ (Barsugli, 1995), sug-
gesting that it operates during the wintertime.

The evidence for a decrease in thermal damping is more evident in summer than win-
ter. Theratio of coupled over control standard deviation of seasonally averaged (Figure 5-
11a) and monthly (Figure 5-11b) summer (Juneto August) air temperatures indicate an in-
crease of variability with coupling. Thereisalarger increase in the summer seasonal vari-

ance (Figure 5-114) than in the monthly variance (Figure 5-11b) with coupling.
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Figure 5-1. Schematic depicting the surfaces of interaction in the coupled model setup.
Mixed layer properties are a function of entrainment from below the mixed layer and air-
sea interaction at the atmosphere-ocean interface.
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Figure 5-2. Autocorrelation of the time coefficients of EOF1 (based on an averaged DJF
anomalies) of T, from the control (dashed line) and the coupled (solid line) ssimulations.
Statistical significanceisindicated by a‘*’ and thelag isin years.
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Figure 5-3. Schematics outlining regions that display the largest variability in the dipole
mode of air temperature in the northern (dotted) and southern (black) regions of the North
Atlantic in the @) control simulation, b) coupled simulation, and c) observations (COADS).
Datais averaged over these grids boxes to construct time series.
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Figure 5-4. Autocorrelations of air temperature for all months using time series averaged
over grid points in the @) northern and b) southern regions of the dipole domain for the

coupled (solid) and control (dashed) simulations. Correlations larger than .11 are
statistically significant at the 95% level or greater.
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Figure 5-5. Autocorrelations of air temperature that begin in March for a) the northern
and b) southern parts of the domain. The x-axis represents the number of months after
March. The autocorrelations from the coupled simulation are indicated by the solid dot
and from the control simulations by circles. Autocorrelations greater than 0.36 are
statistically significant at the 95% or greater level, as determined from Student’s t-test.
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Figure 5-6. Monthly autocorrelations of T, in the northern part of the domain for the &)

control, b) coupled, c¢) observed. The starting months are shown on the ordinate.
Autocorrelations greater than 0.36 are statistically significant at the 95% or greater level,
as determined from Student’s t-test. At the top left corner, the ordinate begins with the
month of May and continues down the column until April. The numbers spanning from 0
to 24 on the x-axis indicate the number of months after the starting month, which is given
by values on the y-axis. Note that Figure5-10a is a horizontal cross-section taken at
March of the plots in Figure5-6. The vertical lines at 2 and 10 months highlight the
monthly and interannual time scales of persistence, respectively
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Figure 5-7. Monthly autocorrelations of T, in the southern part of the domain for the a)
control, b) coupled, ¢) observed. The starting months are shown on the ordinate.
Autocorrelations greater than 0.36 are statistically significant at the 95% or greater level,
as determined from Student’s t-test.
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Figure 5-8. Monthly autocorrelations of T, (SST) from the a) northern coupled, b)
southern coupled, ¢) northern observed, and d) southern observed data set. The starting
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significant at the 95% or greater level, as determined from Student’s t-test.
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Figure 5-9. Monthly lag correlations between Ty, and Qi in the northern part of the
ocean domain. The starting months are shown on the ordinate. Autocorrelations greater
than 0.36 are statistically significant at the 95% or greater level, as determined from

Student’s t-test.
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b) southern parts of the domain. The x-axis represents the number of months after July.
The autocorrelations from the coupled simulation are indicated by the solid dot and from
the control simulations by circles. Autocorrelations greater than 0.36 are statistically
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Figure 5-11. Ratio of coupled over control standard deviation of air temperature for a)
seasonal anomalies and b) monthly anomalies during June to August. Shading indicates
statistical significance at the 95% level or greater using an F-test.
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5.2 Vertical Structure of Oceanic Variability

Thevertical structure of ocean temperature anomalies from the coupled simulation are
examined in this section. The mean ocean temperature structure for the top 225 meters for
the northern grid points (Figure 5-12a) reaches its maximum of 15 °C during August and
minimum of 7-8 °C during January-April. Maximum (minimum) mean mixed layer depths
(Figure 5-124) are reached during February (June-July). In the southern part of the domain
(not shown) the maximum temperature of 27 °C is also reached in August while minimum
temperatures of 19-20 °C are reached in January-March. Figure 5-12b demarcates the
northern and southern grid points used to make the area averages discussed in this section.
The mean annual cycle of mixed layer depths in the south (not shown) issimilar to that in
the north except that in the south the mixed layer depth shallows faster during March and
April.

Ocean temperatures anomalies from the surface to a depth of 225 meters from May of
year 12 to April of year 31 are examined in this section. Datafrom the first 11 years of the
coupled simulation are unfortunately unavailable due to technical difficulties. Monthly
anomalies are cal cul ated with respect to the mean of the 20 monthly values. Thisisin con-
trast to mixed layer and atmospheric variables, whose monthly means are based on 31 years
of model data. Displayed in Figure 5-13 are the monthly anomalies of ocean temperature
averaged over the northern grid points, where the mixed layer ocean temperature variability
is largest in the northern center of the dipole pattern. The largest and deepest anomalies
generally occur during the winter months and propagate slowly downward for several years
until they are replaced with anomalies of the opposite sign. The period of anomalously cold
ocean temperatures during years 12-17 corresponds to positive time coefficients of EOF1
of air temperature (Figure 4-11a), which represent negative air temperature anomalies.
Similarly, the anomalously warm ocean temperatures seen during years 22-27 are associ-
ated with warm air (negative time coefficients, Figure 4-11a). The MLM predicted mixed
layer depths are shown as a heavy linein Figure 5-13. An example of the recurrence mech-

anism can be seen at the end of year 23 through year 24 in the vertical temperature anom-
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alies (Figure 5-13). Anomdiesarelarge 0.8°C during winter of year 23 at the surface of the
ocean, the anomalies are seen at depth during the summer of year 24 and the re-emergence
of anomaliesis evident into the mixed layer during fall.

Ocean temperature anomalies over the center of the southern lobe of the dipole (see
Figure 5-3) penetrate to similar depths asthose in the north but are smaller in magnitude by
approximately 50% (30%) for positive (negative) anomalies (not shown). Southern temper-
ature anomalies are largely opposite in sign to those in the north, which is consistent with
the analysis of surface fields (Chapter 4).

The correlations of surface ocean temperature and the concurrent temperatures with
depth display astrong seasonal cycle (Figure 5-14aand b) in the northern and southern do-
mains. Correlations are large with depth during the winter months when mean mixed layers
are deep and entrainment mixing is active. Summer and fall surface temperatures are anti-
correlated with those deeper than 70 (155) metersin the northern (southern) part of the do-
main. It is not known to what extent the summer anomalous gradient is important for the
winter anomalies that follow in the northern part of the domain. The stable mixed layer re-
forms closer to the ocean surface during the warm season leaving anomalies from the win-
ter below the mixed layer. Theanomaliesin the surfacelayer in summer are associated with
the overlying atmospheric anomalies and anticorrelated with ocean temperature anomalies
below 60 meters.

Correlations between February ocean surface temperatures and those at the surface for
the subsequent 13 months decrease during the warm months and increase again during the
following winter (December to February) for both the northern and southern parts of the
domain (Figure 5-15). The correlationsin the north arelarger (0.7-0.8) the following winter
(December to March) than those in the south (0.3-0.4). Regression coefficients (not shown)

of winter ocean temperature on ocean temperature for the previous February are 0.7-0.8

(0.2-0.3) (°C °CY) in the northern (southern) part of the domain. This suggests that the in-
fluence of anomalous entrainment from one winter to the next is stronger in the north than

in the southern part of the domain. One needs to exercise caution since the autocorrel ation
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of the time coefficients of air temperature of EOF1 in the control simulation are significant
at alag of one year, therefore, the strong correlations from February to the next winter in
the north could simply be due to atmospheric and land influences. In the control simulation,

the autocorrelation for total heat flux (Qyy) starting in March reaches a maximum of 0.3 at

alag of 9 monthsin the north and 0.4 at alag of 11 months in the south (Figure 5-16a and
b). The CCM1 control simulation exhibits low frequency variability, which could amplify

the re-emergence mechanism. The autocorrel ations of total heat flux (Qy) around alag of

12 months are nearly equal in the southern and northern parts of the domain, suggesting
that the re-emergence is not primarily associated with persistence that is part of the natural
variability of the atmospheric model. Lag/lead correlations with a base point at a depth of
37.5 metersduring August, which isbelow the summer mixed layer, are shown in Figure 5-
17. Inthe north, the submixed layer temperatures during August are significantly correlated
with ocean temperatures from the previous and following winters and are weakly correlated
with concurrent ocean surface temperatures. The correlation pattern is similar in the south
asthat just described in the north except the correlations are overall weaker. The carryover
from one winter to the next is somewhat stronger in the north than the south.

Composites for the available warm (19, 22, 23, 24, 25) and cold (12, 13, 15, 29, 30)
winters for ocean temperature are constructed by averaging those winters with peaksin the
time coefficients of the first EOF of mixed layer temperature. Note that these warm and
cold composite winters are based on peaks in the time coefficients of EOF1 of mixed layer
temperature, which tend to lag the peaksin the time coefficients of EOF1 of air temperature
by one year. Warm and cold composites for the subsurface temperature anomalies in the
north are shown in Figure 5-18, with the peak wintertime (Dec. to Feb.) values at the center
of each plot. The composites in Figure 5-18 suggest that temperature anomalies are rein-
corporated in to the mixed layer during the fall and winter after the peak winter. In the
southern part of the domain (not shown) for the both cases the conclusions are similar asin
the north but for the cold case (anomalies are warm in the south) the anomalies are very

weak in the south. Since the re-emergence mechanism appears largest after the peak in



113

EOF1 of air temperatures, the re-emergence of ocean temperature anomalies actsto persist
the air temperature anomaly pattern.

Collectively, wefind that temperature anomalies during late winter are sequestered be-
low the shallow summer mixed layer and reenter the surface layer in the fall to impact the
ocean temperature anomaliesin the surface layer. The analysis of ocean temperature anom-
alies with depth supports the idea that the * Re-emergence’ mechanism explains the persis-
tence of anomalies from one winter to the next. This is consistent with the lag
autocorrelations of air and ocean temperature in the northern and southern centers of the
dipole discussed in Section 5-1. Ocean temperatures below the mixed layer are significant-
ly correlated from late winter to the following fall and these correlation patterns are consis-

tent with the ‘ Re-emergence Mechanism'’.
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Figure 5-12. Panel @) Mean annual cycle of coupled model temperature in °C with depth
averaged over the northern grid points. Climatological mixed layer depth, as predicted by
the MLM, is represented by the heavy line. Panel b) represents the grid boxes used to
construct the area averages of the model data in the northern and southern parts of the
North Atlantic domain.
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Figure 5-13. Monthly subsurface ocean temperature anomalies in the north beginning in
May for coupled model years a) 12-16, b) 17-21, ) 22-26, and d) 27-31in °C. ‘A* marks
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each tick is 11 meters. The heavy line represents the model predicted mixed layer depth.
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Figure 5-14. Correlations between surface ocean temperature and concurrent subsurface
temperatures from May to April for grid points averaged over the north and south.
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Figure 5-15. Correlations between February surface ocean temperature and ocean
temperatures from the surface to a depth of 225 meters for the next 14 months. The
average of northern (southern) grid pointsis shown in panel a (b).
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Figure 5-16. Autocorrelations of total heat flux that begin in March for a) the northern and
b) southern parts of the basin. The abscissa represents the number of months after March.
The autocorrelations from the coupled simulation are indicated by a solid dot and the
control by circles. Autocorrelations greater than 0.36 are statistically significant at the
95% or greater level, as determined from Student’s t-test.
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Figure 5-17. Correlations between August ocean temperature at 37.5 meters and ocean
temperature from the surface to 225 meters during the previous and following 8 months.
The average of northern (southern) grid pointsis shown in panel a(b).
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5.3 Role of Oceanic Entrainment in Persistence of Anomalies

5.3.1 Description of Sensitivity Experiments

A set of four uncoupled OWF experiments are presented that examine the influence of
entrainment on the persistence of mixed-layer temperature anomalies. The mixed layer
model is forced with daily heat fluxes, wind stress, and freshwater forcing (E-P; evapora-
tion minus precipitation) from the 31 year coupled simulation. Therole of variations of the
entrainment forcing on the mixed layer temperature anomalies is investigated.

Weak damping (3 year time scale) in the ocean temperature tendency equation is nec-
essary in these multi-year OWF simulations in order to prevent the ocean temperatures
from drifting. If no damping is included then when the OWF experiments are forced with
daily coupled simulation fluxes, the predicted temperatures drift. Thisdriftislikely aresult
of machine truncation errors resulting from at least 2 numerical approximations of the cou-
pled fluxes used to force the MLM in the OWF simulations. The communication between
the ocean and the atmosphere in the coupled simulation takes place twice daily, and the
fluxes were saved on the CCM1 history tapes once daily. Therefore, the OWF mixed layer
model is not being forced with exactly the same heat fluxes asthe coupled MLM. Addition-
ally, the coupled simulation wasintegrated on aCray YMP at NCAR, and the coupled flux-
es are transferred to a workstation to perform the OWF simulations. The precision of the
workstation is less than that of the supercomputer, which leads to a second source of error.
Sincethe mixed layer model ishighly nonlinear, particularly in OWF simulations, the small
changes in surface forcing can lead the model predicted values to diverge greatly from the
corresponding valuein the coupled simulation. A damping time scale of 3 yearswas chosen
inatrial and error manner in order that the persistence of the dipole mode in the OWF con-
trol closely resemble the coupled. A damping time scale of 3 yearsis significantly weaker
than ‘actual’ values of damping 4-6 months (Frankignoul, 1985) inferred from the obser-
vations. If the coupled forcing terms were saved to machine precision, the model was

forced with half daily fluxes, and the OWF simulations were integrated on the CRAY
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Y MP, then no damping would have been necessary in these OWF simulations. The 3 year
damping time scale yields time coefficients of the dipole mode that display persistence and
total variance (82% of coupled) reasonably close to that found in the fully coupled simula-
tion. The total variance of mixed layer temperature is about 45% of the coupled in a OWF
control experiment with a 6 month damping time scale. It is likely that a large portion of
the reduction in variance of ocean temperaturesin the OWF control simulation resultsfrom
including the damping term. There is a good correspondence between the spatial patterns
(Figure 5-19) and time coefficients (Figure 5-20) of EOF1 of mixed layer temperature in
the coupled and the OWF control simulations.

The predictive equation for ocean temperature from the MLM is reviewed before the
OWF experiments are described. The predictive equation for the mixed layer ocean tem-

peratureis:

aTmix - Qtot_sth + QWe+ VHaTmix

ot PoCph hoz 1)

z=h
where Ty iSmixed layer ocean temperature, Q,; total surface heat flux, Qg,, Penetrating
solar radiation, Q,,e heating due to entrainment, vy eddy diffusivity, and h mixed layer

depth. The first term on the right hand side of Equation 5-1 is the sum of the effects from
heat fluxes at the atmosphere-ocean interface (Qt), penetrating through the bottom of the

mixed layer (Qgun), @nd the heat flux resulting from water entrained from below the mixed
layer (Que)- The second term on the right hand side of Equation 5-1 represents diffusion

and is much smaller than the first term. The heating due to entrainment (Q,,¢) iS given by:

Qwe = —We E(Tmix - Tbel ow) Ep0 D::p (5-2)
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here we is entrainment velocity, Ty the temperature below the mixed layer, pg the ref-

erence density of ocean water, and C, the specific heat of ocean water. Theterm T is de-

fined as Tyix - Thelow- When the mixed layer is deepening (%1 >0) then:

W, = — (5-3

and when the mixed layer shallows then wg = 0. Entrainment is inversely proportional to
the difference between the temperature in the mixed layer and the layer below (T ), SO en-
trainment tends to be smaller when the T ;s islarger. See Equations A9 to A12 in Appendix

A for more details.

The Control (EXP1) isforced with daily total heat fluxes, wind stress, and E-P (evap-
oration minus precipitation) from the 31-year coupled simulation. The mixed layer temper-
atures are damped to climatology using a 3 year time scale, and the MLM predicts mixed
layer temperature, depth, and salinity. In the sensitivity experiments (EXP2-4), the surface
forcing and ocean temperature damping are identical to the control simulation, but the vari-
ability of entrainment heating isaltered. A summary of the experimentsisgivenin Table 5-
1.

In EXP2, there are no anomalies in entrainment heating (Q,,e’) or mass flux which is
achieved by specifying the annual cycle of mixed-layer depth and mean heating due to en-
trainment (Q,,e) asthe climatological valueswhich are determined from EXP1. Comparing
EXP2 with the control (EXP1) simulation will reveal the role of anomalous entrainment
heating and mass flux on the ocean temperatures. In EXP1 and EXP2 the mean climatology
of the mixed layer depths and entrainment heating (Q,e) iS exactly the same by definition.
Mixed layer temperatures in EXP2 drifted and were detrended before any processing was

done.
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EXP Description Comments Process I solated
OWF Forced with heat, momentum, and fresh- | Serves as the control simulation.
CON water fluxes from the coupled simula-
(EXPY) tion. Ocean temperature is damped with
3-year time scale.
EXP2 Same forcing and damping as EXPL. Detrending of the datawas neces- | Qe =0
The annual cycle of mean of hpy, and | SAY- Demonstratestheinfluence |y - - g
Qe s specified. There are no anomalies | ©f anomalousentrainment heating
in mixed layer depth (hy;,’) and heating | O Mixed layer temperatures.
due to entrainment (Qe )-
EXP3 Same forcing and damping as EXPL1. Stable simulation. Determinesthe | Set Tpgon' =
The submixed layer ocean temperatures | ime of year by when e,ntral nment
are set to climatology on the first of each | ©f the previous winter's deep
month from August (EXP2a) to Dec ocean temperature anomalies has
(EXP2€). the largest impact on T ix-
EXP4 Same forcing and damping as EXP1. Stable simulation. Demonstrates | Tgis* =0
Anomaliesin the temperature difference | the influence of anomalous tem-
between the mixed layer and the layer | Perature difference on Ty and
below are set to zero, Pimix:
(Tmix _Tbelow)' =0.

Table 5-1. A summary of the OWF experiments that are performed to examine the
influence of entrainment on the persistence of ocean temperature anomalies.

In the series of sengitivity experiments 3a-e (EXP3a-EXP3e), the submixed layer tem-
peratures are reset to the climatological values on first of each month starting with August
and continuing to December, respectively. Comparing EXP3ato EXPL will illuminate the
role of anomalies stored below the mixed layer from the previous winter on mixed layer
temperatures in the coming winter. Comparing EXP3a-3e will reveal the time of the year
by when entrainment of subsurface anomaliesfrom the previouswinter have had their max-
imum impact on ocean temperatures. In these experiments there will also be some impact
on mixed layer depth and entrainment heating when temperature anomalies from the pre-
vious winter are set to zero.

In EXP4, the temperature difference between the mixed-layer and the layer below (see
Equation 5-2) is set to the climatological values (determined from EXP1) (T = 0) each

day. Anomalies in ocean temperature associated with entrainment heating (Q,,e ) will oc-
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cur from anomal ous entrainment (w,') aswell asanomaliesin mixed layer depth in this ex-

periment. These experiments can reveal the impact on mixed layer depth, entrainment
heating, and ocean temperatures when anomalies in the vertical temperature gradient be-
tween the mixed layer and the layer below the mixed layer are suppressed. Comparing
EXP2 and EXP4 reveals how much of the impact of entrainment heating on mixed layer
temperaturein EXP2 isassociated with the suppression of anomaliesin the temperature dif-

ference between the mixed-layer and the layer below (T 4;s) in EXPA4.

5.3.2 Analysis

Monthly autocorrelations of mixed layer temperature in EXP2 and EXPL (Figure 5-
21) indicate that, without anomalies in entrainment heating, the persistence of ocean tem-
peratureisreduced. In EXP2, anomaliesin mixed layer depth and its subsequent impact on
SSTs are suppressed. In other climate studies, anomalies in mixed layer depth have been
found to have a large impact on SSTs particularly during the summer months (Alexander
and Penland, 1995).

Mixed layer temperature autocorrelations for EXP1 and EXP2 starting at all months
are shown in Figure 5-22. The strong peak at alag of 8-10 months associated with autocor-
relations that begin in March seen in EXP1 is not present in the autocorrel ations of EXP2.
This supports the idea that anomalous heating from entrainment or ‘Re-emergence’ isre-
sponsible for significant autocorrelations in mixed layer temperature 9-10 months after
March. The seasonal standard deviation in mixed layer temperature during fall (Figure 5-
23a) isdightly larger in EXP2 than the control throughout the domain with the exception
of the northwest part of the basin where the variance has decreased. The standard deviations
ratios of EXP2 to EXP1 indicate that during winter (DJF) (Figure 5-23b) the variance is
significantly larger in EXP2 than EXP1 throughout the basin. Recall that the variability of
mixed layer depth isrelatively small in the fall and is larger during winter (see Figure 4.8
c and d). Therefore, theimpact of mixed layer depth anomaliesis more likely to have ain-

fluence on mixed layer temperature variability during the winter rather than during the fall.
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Variability in entrainment heating, which islargein thefall, could also lead to temperature
tendency changes that impact wintertime mixed layer temperature anomalies.

In the OWF experiment 3 (a-€) series, the temperature anomalies below the mixed lay-
er are set to zero each year on thefirst of the month going from August (experiment 3a) to
December (experiment 3e). During August the mixed layer isrelatively shallow and by re-
setting all sub-mixed anomalies to zero there is no carry over of sub-mixed layer tempera-
ture anomalies from one winter to the next. Monthly autocorrelations of mixed layer
temperature for EXP3a, EXP3e, and EXPL (Figure 5-24), indicate that the autocorrel ations
decay fastest in EXP3e, particularly at lags less than 24 months. The autocorrelations of
mixed layer temperature starting at all months for EXP3a-e (Figure 5-25 a-€) indicate that
the autocorrel ation between one winter and the next gets larger as the reset date of the sub-
surface temperature anomaliesis later. When the subsurface anomalies are reset on thefirst
of December the mixed layer temperature autocorrelations (Figure 5-25€) between one
winter and the next are still weaker than those from EXP1 (Figure 5-22a).

In the OWF experiment 4, the temperature difference between the mixed layer and the
layer below is set to climatological values (Tg = 0) from the OWF control experiment
(EXP1). The autocorrelations of mixed layer temperaturein the northern part of the domain
(Figure 5-26) decay faster than those in the control simulation. Monthly mixed layer tem-
perature autocorrelations between one winter and the next are weak (Figure5-25a) in
EXP4. Mixed layer temperature variance is slightly larger in EXP4 than in the control dur-
ing the winter season (not shown).

The results of EXP2 and EXP4 are very similar. The autocorrelations of mixed layer
temperature based on all the months decay at a similar rate (compare Figure 5-22 and
Figure 5-26). The autocorrelations of mixed layer temperature starting at all months for
EXP2 and EXP4 are al'so similar (compare Figure 5-22 and Figure 5-27). The similarity of

EXP2 and EXP4 suggests that anomaliesin T g are an important component of anomalies

in entrainment heating (Q,ye) associated with the ‘Re-emergence’ mechanism. It is likely
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that anomaliesin entrainment velocity (wg) are of secondary importance compared to those
in T s in the formation of entrainment heating anomalies.

Limiting the variability of entrainment in the MLM, whether by setting subsurface
anomalies to zero or specifying climatological values of heating due to entrainment and
mixed layer depths, has had the most notable effect of reducing persistence of mixed layer

temperatures on interannual time scales for the dipole mode of variability.
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Figure 5-19. EOF1 of wintertime (averaged over DJF) mixed layer temperature in the (a)
coupled and (b) OWF control simulations explain 23% and 22% of the total variance,
respectively. The EOFs are shown as correlations between their respective time
coefficients and the full mixed layer temperature data.
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Figure 5-20. Time coefficients from EOF1 (dipole mode) of mixed layer temperature in
°C from the coupled (thick line) and OWF control (thin line) simulations.
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Figure 5-21. Monthly autocorrelations of T,y averaged over the northern center of the
dipole mode of variability for EXP2 and the control (EXP1).
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Figure 5-22. Autocorrelations of T,y averaged over the northern grid points centered at
the maximum variance for the dipole mode of variability for @) EXP1 and b) EXP2 at
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Figure 5-23. Ratio of seasonally averaged T,y Standard deviation ratio of EXP2 over

EXP1 during @) SON and b) DJF. Statistical significance at the 95% level or greater using
an ftest isindicated by shading.
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Figure 5-24. Monthly autocorrelations of T, averaged over the northern center of the
dipole mode of variability for EXP3a, EXP3e, and the control (EXPL).
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Figure 5-25. Monthly autocorrelations of T,y in the north for &) EXP3a, b) EXP3Db, c)
EXP3c, d) EXP3d, and €) EXP3e. The starting months are shown on the ordinate.
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Figure 5-26. Monthly autocorrelations of T, averaged over the northern center of the
dipole mode of variability for EXP4 and the control (EXPL).
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Figure 5-27. Monthly autocorrelations of T,y in the north for EXPA4. The starting months
are shown on the ordinate.
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5.4 Summary

The persistence of air temperature anomalies from one winter to the next, as seen in
increased autocorrelations of the time coefficients of EOF1 of air temperature between the
coupled and the control simulations, is associated with persistence of ocean temperature
anomalies. Ocean temperature anomalies during late winter penetrate deep into the ocean,
since the mean mixed layer depths are maximum at this time of year. The stable summer
mixed layer reforms close to the surface layer, decoupling the deeper ocean from the atmo-
sphere. Anomalies in ocean temperature associated with the previous winter remain intact
below the summer thermocline. In the fall the mixed layer deepens and the anomal ous tem-
peratures are reincorporated into the mixed layer.

The ‘Re-emergence’ mechanism is clearly evident in the northern center of the dipole
mode of variability. Anomaliesin ocean temperature that are associated with the Re-emer-
gence mechanism in the coupled simulation clearly have an impact on air temperatures.
Thisis evident in the autocorrelations of air and ocean temperatures (compare Figure 5-6b
and Figure 5-8a). The impact of the ocean on the atmosphere is noteworthy since the liter-
ature is divided on whether or not the midlatitude ocean has any influence on the northern
hemispheric atmosphere. When entrainment anomalies are suppressed in the MLM (asin
EXP2) the large autocorrel ationsin ocean temperature between one winter and the next dis-
appear. An analysis of sub-mixed layer ocean temperature anomalies also shows that ‘ Re-
emergence’ plays an important role in the northern part of the basin.

The ‘Re-emergence’ mechanism is stronger in the model than the observations be-
cause of the one-dimensional structure of the ocean model. Autocorrelations of ocean sur-
face temperature are significant up to alag of 24 months (Figure 5-8a) in the model, which
is not true in the observations (Figure 5-8c). Advective effects in the ocean will act to re-
duce the impact of the re-emergence of anomalies through the mixing of sub-mixed layer
temperature anomalies.

Coupling also leads to an increase in the persistence of air temperature anomalies on

the time scale of several months throughout the ocean basin. Thisincreasein persistence of
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air temperature anomalies, together with the increasein variance of air temperature and the
decrease in variance of heat flux suggests that coupling leads to a decrease of damping of
air temperature anomalies by heat fluxes (decreased ‘ Thermal Damping’, Barsugli 1995).

These effects are most noticeable in the coupled model during the warmer summer months.



