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ABSTRACT

A 50-year coupled atmosphere-ocean model integration is used to study sea surface temperature (SST) and
mixed layer depthH), and the processes which influence them. The model consists of an atmospheric general circu-
lation model coupled to an ocean mixed layer model in ice-free regions. The midlatitude SST variability is simulated
fairly well, although the maximum variance is underestimated and located farther south than observed. The model is
clearly deficient in the vicinity of the Gulf Stream and in the eastern tropical Pacific where advective processes are
important. The model generally reproduces the observed structure of thehnmelanth March and September but
underestimates it in the North Atlantic during winter. The net surface heat flux strongly regulates both the jnean (
and the anomalous (‘) SSTs throughout the year. The entrainment heat flux, which is proportional to the product of
the entrainment rat¢w,) and the temperature jump at the base of the mixedAayer , influences SSTs in summer

and fall, especially north of ~35°N (45°N) in the Pacific (Atlantig) AT’ is more important for the development of

(SST) in fall compared tow,/AT , which is larger in summer. The entrainment rate is dominated by wind-induced

mixing in summer and surface buoyancy forcing in winter; the density jump at the base of the mixed layer is of sec-
ondary importance. In addition, anomalieshihave a significant impact on the heat balance of the mixed layer dur-

ing spring and summer. Deep winter mixed layers and the storage of thermal anomalies beneath the shallow mixed
layer in summer leads to large winter-to-winter persistence of SST anomalies in the far North Atlantic, in accord with
observations and stochastic climate theory.
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1. Introduction A wide variety of models have been employed to
study the role of the oceans in climate, ranging from
Beginning with the pioneering work oamias fixed depth slabs to ocean general circulation models

[1959, 1963] andBjerknes[1964], numerous studies (GCMs). Intermediate models, including bulk mixed
have sought to understand how midlatitude sea surfaci&yer and one-dimensional layered models have proven
temperature (SST) anomalies form and the extent td0 be useful for studying vertical processes in the upper
which they influence the atmosphere. SST anomalie§cean [e.g.Garwood, 1977; Niiler and Kraus, 1977;
may form through changes in air-sea heat fluxes, horiPrice et al,.1986;Kantha and Claysonl994;Large et
zontal and vertical ocean heat transport, and turbulen@l., 1994]. In bulk models the temperature (and salinity
mixing. Many of the early studies [se&rankignoul, ~and currents if included) is predicted for the mixed layer
1985], focused on the role of advectioitgmias, 1959, as a whole, and the mixed layer deptf) depends on
1965] found that anomalous Ekman drift played anprocesses that create turbulence, including mechanical
important role in generating SST anomalies, whilemixing by wind stress and convective mixing by the sur-
Jacob [1967], Namias [1972], and Favorite and face buoyancy flux. Bulk models appear to be as accu-
McClain [1973] suggested that the mean advection offate in their simulation of SST and as more
anomalous temperatures could also be important. Morgophisticated and computationally intensive layered
recent modeling studies confirmed that anomalougnodels Martin, 1985; Gaspar et al.,1988; Kraus,
Ekman transport could help to create SST anomalies id988]. However, both types of models have generally
regions of strong SST gradientsidney,1980; Luksch ~ been developed and tested at only a few weather ship
and von Storch1992;Miller et al., 1994;Luksch 1996].  locations, and bulk models cannot reproduce the
However, on timesscales of less than ~10 years, mogietailed vertical structure of turbulence. Bulk models
studies have found that surface heat fluxes play a domiave been used to study the mean seasonal cycle of SST
nant role in forcing midlatitude SST anomali&ilfand ~ and h [Gordon and Bottomly1985; Le Treut et al.,
Niiler, 1973; Salmon and Hendershot1,976; Franki- ~ 1985; Simonot et al. 1988] and the formation of SST
gnoul and Reynolds1983 Battisti et al., 1995; Halli- ~ anomalies over the North PacificMlyakoda and
well and Mayer,1996], while Ekman pumpmg p|ay5 a Rosatti, 1984; Alexander, 1992] and North Atlantic
neg||g|b|e role White et al.,1980; Haney et al, 1983; [Battisti et al,1995] In addition, the surface Iayer in
Schneider et al1999]. isopycnal ocean GCMs, is parameterized using a bulk
High-resolution measurements of currents, tem-mixed layer model@berhuber1993;New et al, 1995].
perature, and indicate that upper ocean processes, in Ocean mixed layer models are also useful for
addition to surface heat fluxes, can have an importanénderstanding the processes that contribute to the vari-
impact on SSTs [e.gDavis et al.,1981; Large et al., ability of SST andh over the course of the seasonal
1986; Webster and Luka$,992]. However, most field cycle. Alexander and Penlanfl996] used a statistical
studies are of short duration, generally lasting less than atmospheric model, based on observations from weather
few months. Longer records, of the order of 20-405h|p P, to drive a mixed Iayer ocean model. The model
years, are available from a few of the ocean weatheprovided a reasonable estimate of the range of the mean
ships stationed in the North Atlantic and Pacific Oceansand standard deviation of upper ocean temperature and
Using weather ship dat&Glark [1972], Elsberry and ~mixed layer depth over the seasonal cycle. An analysis
Garwood [1980], andLanzante and Harnack1983]  of the temperature tendency indicated that anomalies in
found that the anomalies in the depth of the well mixedthe net heat flux, mixed layer depth, and entrainment
surface |ayer could Signiﬁcanﬂy influence SSTs in heat flux all provided a significant contribution to the
spring and summerCamp and E|Sberr¥]_978] showed growth of SST anomalies at different times of the year.
that cooling due to entrainment of subsurface water intAnomalies inh were highly correlated with the surface
the mixed layer could be an order of magnitude largefuoyancy flux in winter and the surface wind stress in
than the surface energy fluxes during the passage giummer.
storms at weather ship (50°N, 145°W). Namias and The seasonal cycle and horizontal variabilitytof
Born[1970, 1974] and\lexander and Desdl995] pre-  is also critical to the subduction of water into the perma-
sented evidence that thermal anomalies created in th@ent thermocline via lateral induction, the advection of
deep ocean mixed layer could remain intact in the seasurface water through the sloping base of the winter
sonal thermocline (30-100 m) during summer and returrinixed layer Woods1985;Marshall et al, 1993;New et
to the surface layer in the following fall and winter. al. 1995;Inui et al. 1999]. RecentlylL.add and Thomp-
However, many upper ocean processes, such as entraifon [1999] used mixed layer model simulations to

ment, and their impact on SST are very difficult to mea-€xamine the role of one-dimensional processes in the
sure directly. formation of mode water, a thick homogeneous layer
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created by subduction. They found that surface buoycoupling, and mixed layer physics influence SST vari-
ancy forcing played a critical role in mode water devel- ability.

opment in the central and east Pacific by influencing the The atmosphere, ocean, and ice components of the
depth of the mixed layer in winter and the strength ofcoupled model, the initial model state, the method of
the seasonal pycnocline in summer. coupling, and the surface flux correction are described

In the present study, we examine the processes thamh section 2. The mean and standard deviation of SST
influence SST andh using an atmospheric GCM cou- andh during March and September, the peak of winter
pled to a grid of one-dimensional mixed layer oceanand summer in the northern oceans, are discussed in sec-
models. Most previous studies of mixed layer variabil-tion 3. Factors that control the mean and anomalous SST
ity have been limited in area and/or duration; those modtendency and the winter-to-winter correlation of SST
eling studies that have been on the regional-to-globahnomalies are examined in sections 4 and 5. The rela-
scale have focused on reproducing the observed medaionships between the entrainment rate with the shear
seasonal cycle of SST afd Here in addition to docu- and buoyancy forcing are explored in section 6. The
menting the fidelity of the ocean model, we examine theresults are summarized and discussed in section 7.
influence of vertical processes on both the mean and the
anomalous SSTs over the extratropical Northern Hemi2, Coupled Model
sphere oceans. We find that anomalies in mixed layer
depth and the entrainment of subsurface water into the A 50-year simulation with a global coupled atmo-
mixed layer impact the development of SST anomaliessphere-ocean model is used to study upper ocean vari-
in spring and fall, respectively. We document the winter-ability in the northern midlatitude oceans. The model
to-winter SST autocorrelations in the model and theconsists of a Geophysica| Fluid Dynamics Lab (GFDL)
observations and present a simple physical interpretaatmospheric general circulation model (AGCM) con-
tion of the results. We also examine the interannual Vari-nected to an upper ocean mixed |ayer model (MLM)
ability of h and the relative roles of buoyancy forcing, Alexander and Desdl995], Battisti et al. [1995]Alex-
wind stirring, and stratification of the upper ocean on theander and Penlan{t1996], andBhatt et al.[1998] have
evolution of mixed layer depth over the seasonal cycleysed a slightly different version of the MLM to study
Our goal is to extend the findings of previous theoreticalupper ocean processes and midlatitude air-sea interac-
and limited area studies to investigate mixed layer phystion. The ocean model consists of a grid of independent
ics over a broad range of conditions in the North Atlan-column models which include local atmosphere-ocean
tic and Pacific during the course of the seasonal cyclefluxes and the turbulent entrainment of water into the
We find that the entrainment rate is generally dominatedsyrface mixed layer, but not mean vertical motions or
by wind-induced mixing in summer and buoyancy forc- horizontal processes. The ocean column models are
ing in winter; the stratification is generally of secondary gligned with the AGCM grid over ice free regions of the
importance. In addition, a detailed examination of theglobal oceans. In regions with sea ice, the ice fraction,
magnitude of the two scaling parameters, which controfce thickness, and SST are specified.
mixing efficiency, indicates that entrainment is primarily
controlled by mechanical/buoyancy forcing (Monin- 2.1 Atmospheric Model
Obukhov scale) rather than by rotation (Ekman scale).

Results from stand-alone ocean model simulations The GFDL AGCM is a global spectral model with
strongly depend on the choice of surface boundary conrhomboidal truncation at wave number 30, which is
ditions. For example, using observed surface air temperapproximately 2.25° latitude by 3.75° longitude. The
atures and the simulated SSTs to compute the surfag@odel has 14 unequally spaced sigma levels in the verti-
heat fluxes strongly constrains the upper ocean temperaal, with the lowest level at ~30 m above the surface.
ture to follow observations, while models driven by The model includes smoothed topography, gravity wave
fluxes determined completely from observations candrag, and predicted clouds and soil moisture. Stratiform
drift from the observed climateFfankignoul, 1985;  clouds form and precipitation occurs when the relative
Alexander and Deset995]. By using a coupled model humidity exceeds 100%, while subgrid scale precipita-
we avoid the very difficult task of finding the appropri- tion is parameterized by moist convective adjustment.
ate boundary conditions to drive an ocean model. Theviany features of the model's climate are presented on
AGCM also provides global surface fields without spa-the World Wide Web Alexander and Scqt2000], while
tial or temporal gaps or spurious trends. Finally, givena more complete description of an earlier version of the

that a coupled AGCM-mixed layer model system doesGCM is given byGordon and Steriil 982] andManabe
not include ENSO dynamics, we are able to isolate howand Hahn[1981].

internal atmospheric variability, thermodynamic air-sea
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2.2. Mixed Layer Ocean Model ment,h is computed as a prognostic varial% = WeB

When shoaling, the mixed layer reforms closer to the

_ The individual column models consist of a uniform surface W, is set to zero, anti is computed as a diag-
mixed layer atop a layered model that represents condi-

. . X nostic quantity by assuming a balance between wind

tions in the pycnocline. Here we use the model devel-__." . . B
. ... stirring, buoyancy forcing, and dissipation. When the

oped byGaspar[1988], which has been formulated with ~ . - _

; . ; T mixed layer shoals, the temperature (salinity) profile is
climate simulations in mind. The temperature tendency._ .
of the mixed layer is given by adquFed to conserve heat (salt) and.the temperature

(salinity) change at the base of the mixed layer. The
9Tm _ Qnet* Qeor _ Qswn, WeAT +CA_KIT 1) prognostic equations fof,,, S, andh are integrated
ot pch pch ~ h hoz|,_ using a first-order forward in time scheme.

The region beneath the mixed-layer is represented
whereT,, is the mixed layer temperaturAT = T,-Tp, by.a' multi-layer system, where the temperqture and
T, is the temperature of the remainder of the layer belowsalinity of the layers change by convective adjustment,
h, Quetis the net surface energy flux into the 0ce@g, vertical diffusion, and linear damping. The temperature

is th ; heat i 0 is th rat of the upper 300 m can also change due to penetrating
Is the surface heat flux correctiong£ais the penetrat- solar radiation. The vertical diffusion is calculated

ing solar radiation al, W the entrainment rat@ andc  ysing the Crank-Nicholson scheme with a constant dif-
are the reference density and specific heat of sea watey,¢ion coefficient of 1.0 x T8 m s2. a value suggested

K is the diffusion coefficient for small-scale motion, and by the tracer experiments akdwell et al.[1993]. The

zis the vertical coordinate. Convective adjustmé®®Y o mperature and salinity in all model layers are damped
occurs when the mixed layer is more dense than the,arq their monthly mean climatological values on a
layer below; at that time, heat within the remainder °f10-year timescale. This weak, Newtonian damping
the layer belowh is incorporated into the mixed layer \ypich crudely represents processes that vary with depth
andh s then set to the top of the next layer. The modelgop, 55 the mean heat transport, was necessary for the
has a similar predictive equation for mixed layer salin-p,5 e tg retain a stable density profile in regions of
ity, where the freshwater flux is due to precipitation - syyng current shear. The absorption of solar radiation is
evaporationk-E). parameterized followin@aulson and Simpsda977].

The mixed layer depth primarily increases via The bottom of the MLM is 1000 m or the actual
entrainment, except in high latitudes whérean signif- ;-4 depth, whichever is smaller. For open ocean
icantly deepen vi&€A By vertically integrating the tur- points, the MLM contains 31 unequally spaced layers
bulent kinetic energy equation overand then applying  pepyeen the surface and 1000 m, where 15 of the layers
a fairly standard set of assumptions [see Niller andy e \yithin the first 100 m, and the temperature and salin-
Krauss, 1977W can be expressed as: ity of the final layer is set to the observed climatological
. value. The mixed layer depth is not forced to coincide
W = mus*—0.5hB(h) —he @ with the levels of the layered model; the temperature of

¢ hab + layers that are entirely aboveare set tdl,,, while Ty is

from the remainder of the layer which is benedth
where m is a constant, the surface friction velocity However,h is constrained to be greater than 10 m and

u = Ji/p , wheret is the surface wind stress, ant less than 850 m or the bottom of the ocean, which ever

is the buoyancy jump at the base of the mixed layer; fol-'S Smaller.
lowing Gaspar[1988], equation (2) neglects mixing due

to current shear across the base of the mixed layer. The:3: Sealce
buoyancy flux integrated over the mixed layd(lf))

depends o , P-E, and the absorption of solar radia- . 7
P ner P the mean seasonal cycle, the MLM is not active; instead,

tion in the water column. The mean turbulent kinetic o ; . : .

’ T . the daily ice thickness and ice fraction (or SST during
energy(q®), which is usually small but can be important jce-free periods) are specified on the basis of the inter-
fqr near neutrallcondmons, is parameterized fpllowmg polated monthly mean climatology for the period 1950-
Kim [1976]. Mixed layer models generally differ in 1995  Heat fluxes in these areas are weighted for the
their parameterization of, the turbulent dissipation appropriate proportions of open water and ice. Sea ice
rate; here we use the formulation and parameter valuegan also form over the active MLM points, which are
given by Gaspar[1988]. When deepening by entrain- peyond the maximum extent of climatological ice when

For points where sea ice occurs during any part of
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T, drops to the freezing point for seawater, 271.16 K. Alated by the mixed layer closely follow observations.

simple heat balance model is used for the ice, which islhe flux corrections vary with location and time of year
assumed to cover 100% of the grid box. but do not vary from one year to the next.
The surface heat and salt flux corrections are
2.4. Air-Sea Coupling and Surface Heat Flux Cor- obtained from a 20-year MLM simulation using surface
rection fluxes from an independent GFDL AGCM run, where
the AGCM had observed climatological SSTs as bound-
Heat, momentum, and freshwater are exchange@ry conditions. The daily SSTs used in the AGCM sim-
across the model’s air-sea interface. The net heat fluxlation were obtained by interpolating the long-term
consists of the shortwave, longwave, sensible, and laterfionthly values from theSmith et al.[1996] data set.
heat flux. The radiative fluxes in the AGCM depend onPrior to each time step, the SSTs in the 20-year MLM
temperature, water vapor, clouds, and specified tracéimulation are set to the observed climatological values,
constituents. The sensible and latent heat flux are comhich are also the SST boundary condition for the
puted using standard bulk aerodynamic formulas wherdGCM on that day. The MLM is then run for one time
the exchange coefficients have a constant value of 1.0 step (one day) wher&;, andh are free to evolve. At
102, The surface wind stress is computed in a similareach ocean model grid point, the heat flux correction is
fashion. The wind speed, air temperature, and specificomputed such that tf¥g, predicted by the MLM
humidity used in the bulk formulas are taken directly matches the observed SST at the next time step. A sim-
from the lowest model level of the AGCM, while the jlar method is used to obtain the salt flux correction.
SST is given byT,, obtained from the ocean model. The This procedure is repeated each day to obtain 20 years
atmosphere and ocean models exchange informatiogf daily flux correction values. Long-term monthly
once per day, the time step of the MLM. The atmo-mean corrections are computed and then linearly inter-
sphere-to-ocean fluxes are averaged over the 96 timgolated to daily values. The daily correction values are
steps in one AGCM day, while the ocean-to-atmospherghen added as a forcing term to the temperature and
fluxes are computed every AGCM time step using thesalinity tendency equations in the 50-year coupled run
daily SST values. but are not included when computig andh.

Because of errors in the surface fluxes and pro- The annual mean surface heat flux correctig

cesses absent from the ocean model it is necessary 18 shown in Figure 1 for the North Atlantic and Pacific

correct the surface fluxes in order to prevent climate . .
. . . H h h ~1/2
drift. Sausen et al[1988] showed that model drift can Oceans. Heatis addedto the oceans in the western ~1/

affect how the climate responds to perturbations, such a8 Poth basins, with maxima of ~150 Wt?rto the east
SST anomalies or the doubling of GGFlux corrections ~ ©f Japan and the east coast of the United States. The

have been used in models ranging from slabs to GCm&agnitude and pattern 0@, resembles the observed
[e.g., Sausen and Ponatet998; Manabe and Stouffer, annual mearQ,e; and equivalently the mean oceanic
1988;Battisti et al.,1995;Gordon and O’Farrel] 1997].  heat flux convergencédsuing,1985;Moisan and Niiler,
Here surface flux correction values are computed suci998], indicating that the correction is primarily
that the mean seasonal cycle of SSTs and salinity simuaccounting for the absence of advection in the ocean

Annual Average Heat Flux Correction (W/m=x2)
70N

60N
50N id
40N
30N 1
20N

EQ

120 150F 180 150W  120W 90w 60w 30W 0

Fig. 1. Annual average surface heat flux correction (#ymPositive values indicate heat is added to the
ocean. The contour interval is 25 and values greater than 50 are shaded. This figure and all subsequent
planar plots have been smoothed using a 9-point filter.
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model. Q.o exceeds 300 W ffi in the vicinity of the tion. The atmospheric conditions were obtained for Jan-
uary 1 by integrating the GFDL AGCM for five years
beginning from a state of rest. Since the AGCM and

LM initial conditions were obtained independently,
there is an adjustment period of a few months once the
two models are coupled.

Kuroshio Current and Gulf Stream in March but is neg-
ligible in September (not shown), due to the large sea
sonal cycle in heat transported by these current syste
[Wilkin et al., 1995 Yu and Malanotte-Rizzoli]1998].
The GFDL AGCM, like many current climate models,
overestimates the shortwave radiation reaching the sur-
face, primarily due to errors in simulating cloudsdr- 3. SSTandh

ratt et al., 1998]. As a resultQ., values between -50 )
Here we examine sea surface temperature and

and -100 W ri# are applied to the MLM during summer mixed layer depth fields from the 50-year coupled atmo-

from 40°N to 60°N. sphere-ocean integration and compare them to observa-
N N tions. The simulated and observed long-term monthly
2.5. Initial Conditions mean SST differ by less than 1°C at nearly all of the

MLM grid points (not shown), a result of imposing a
The initial ocean conditions for the coupled model grface flux correction. However, these small differ-
integration were derived by averaging the MLM vari- gnces are systematic: the simulated SSTs tend to be too
ables on January 1 for 20 years of an MLM simulation\yarm (cold) in summer (winter). These model biases
driven by surface fluxes from a previous AGCM simula- gre due to nonlinearities in the MLM, computing the

(e)  SST OBS (50-95) InterAnn Stddev: March (Deg C)

120E 150E 180 150W 120W 90w 60W 30W 0

Fig. 2. The standard deviation ( )of March SSTs ("C) from (a) observations and (b) the 50-year coupled model simulation. The
observed SSTs, which extend from 1950-95, are originally from the data set of Smith et al. (1996) which have then been inter-

polated from a 2°x2° grid to the R30 Gaussian grid. The contour interval is 0.1°C, and 0.6°C<SST <0.8°C id igftadefle
those greater than 0.7°C are shaded dark.
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flux corrections from a 20-year ocean only integration,SST gradients [Luksch, 1996] and in heat transport by
and the method used to interpolate the flux correctionshe Gulf Stream and North Atlantic Current. The
in time did not preserve the monthly means from whichMarch o exceeds 0.6°C in the central North Pacific in
they were computed. both the model and observations, but the maximum vari-
The observed and simulated interannual standarability of ~0.8°C occurs 10°-15° farther south in the
deviations ¢) of SST in March over the Northern Hemi- model. The simulated SST variability is also greater
sphere oceans are shown in Figure 2. The standard deiess) than observed in the South China Sea (Gulf of
ations are computed from the departures of theAlaska). Since the coupled model does not contain hor-
individual monthly means from the long-term monthly izontal processes such as currents and wave dynamics,
means. The observed values are derived from the there is no El Nifio-Southern Oscillation (ENSO), and
Smith et al.[1996] data set for the period 1950-1995, is significantly underestimated in the eastern tropical
while the simulated values are from the 50-year modePacific (Figure 2).
integration. Both the simulated and the obserwed Fluctuations in the strength and position of the
range from 0.3° to 1.2°C over the open ocean. In theAleutian low associated with ENSO have been shown to
Atlantic, o is maximized along the east coast of North cause SST anomalies to form in the North Pacific prima-
America, in part due to the variability in wind speed andrily through changes Q¢ [Alexander, 1992; Luksch
air temperature associated with continental air massegnd von Storch, 1992; Lau and Nath, 1996Ne have
moving over the ocean. However, only the observationsxamined the influence of ENSO on midlatitude SSTs
exhibit a band of enhancegithat extends from the mid- using an additional GFDL AGCM-MLM experiment
Atlantic states to east of Newfoundland, which probablywhere observed SSTs are specified between approxi-
arise due to variability in Ekman transport across strongmately 25°N and 25°S in the Pacific for the period 1950-

(e} SST OBS (50-95) InterAnn Stddev: Sept (Deg C)

60N -

SON A

40N

30N A

120E 150E 180 150W 120W 90w 60W 30W 0

Fig. 3. The (a) observed and (b) simulated standard deviation of September SSTs (°C). Contour interval and shad-
ing as in Fig. 2.
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1995 and SSTs are provided by the MLM elsewherefarther south in the Atlantic compared to observations.
over the global oceans. Including the observed ENSONhile the region of SSTo > 0.6°C is close to that
signal generally improves the simulation of SST vari- observed in the North Pacific, it extends too far south in
ability in the North Pacific, including a ~15° northward the central Pacific and does not cover the eastern Pacific
shift in the maximum SSB to 30°N-40°N in the cen- from 20°N to 35°N. The model simulates regions where
tral Pacific; a decrease im in the Sea of Japan; and a ¢ > 0.7°C in the North Pacific but it is too broad com-
slight increase i in the northeast portion of the basin pared to observations.
(not shown). Studies byNorris and Leovy[1994] andNorris et

The SSTo from observations and the model simu- al. [1998] indicate that variability in stratus clouds con-
lation during September are shown in Figure 3. Bothtributes to SST anomalies in the central North Pacific
the observed and the simulated variability are greater imuring summer. As discussed in section 2, the GFDL
September than in March, primarily due to the relativelymodel like most AGCMs have difficulty simulating
small thermal inertia of the shallow mixed layer in sum- clouds, especially low-level stratus decks. Thus some of
mer (see section 4). The observed S$ih September the differences between the observed and simulated SST
exceeds 0.6°C over both oceans between 30°N-50°N aralin September may result from errors in the in simu-
reaches a maximum of 1°C along 40°N in the Pacificlated stratus clouds and the attendant surface shortwave
The simulatedy also exceeds 0.6°C in both basins, butradiation.
the region of enhanced variability is located about 15°

(o) Mixed Layer Depth (m) Levitus Obs: March

70N

60N

SON

40N A

30N 1

20N 1

BOW 30W

(b) Mixed Layer Depth (m) Model Run: March

70N

60N

50N

40N A

30N 1

120F 150F 180 150W 120W 90w B0W 30W 0

Fig. 4. The (a) observed and (b) simulated mixed layer depth (m) in March. The obisewnleds are from Monterey and
Levitus (1997) which have then been interpolated from a 1°x1° grid to the R30 grid.. Note that the contour interval changes:
it is 25 forh < 200 and 100 foh >200; values greater than 200 are shaded.

(e¢]
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As expected, the model strongly underestimatesng is proportional to the cube of the wind speed, and the
the SST variability associated with ENSO in the tropicalbuoyancy forcing depends on the square of the wind
Pacific during September. Unlike March, there is nospeed; thus deepens significantly during short periods
clear change in the pattern or strength of the variabilityof high wind speed. The surface boundary conditions
outside of the tropical Pacific in the model simulation are averaged over one day, which suppresses extreme
which included the specified ENSO signal. This is con-short-duration forcing. (4) The mixed layer is con-
sistent with Horel and Wallace[1981], Mitchell and  strained to be less than 850 m in the MLM, thereby lim-
Wallace[1996] ,and Kumar and Hoerling1998], who iting h when deep convection occurs. (5) The MLM
found that the extratropical atmospheric changes assoc@oes not include currents, which limits due to the
ated with ENSO are much greater in winter than in sum-absence of mixing due to vertical shear and the advec-
mer. tion of heat and salt which can change the vertical sta-

The observed and the simulated mean mixed layebility of the water column. Both of these processes are
depth f) are shown in Figure 4 for March. The likely to be important in the western boundary currents
observedh is obtained fromMonterey and Levitus and the subpolar gyre of the North Atlantic, where the
[1997] based on the depth where the density is 0.012B51LM greatly underestimatels. (6) The observed mixed

kg m3 less than the surface density. The obseivedl-  layer depth is estimated from the mean temperature and
ues, which were originally on a 1° x 1° grid, have beensalinity profiles, while in the MLMh is the layer over
interpolated onto to the models Gaussian grid. which surface-generated turbulence is active.

The observed mixed layer reaches its greatest The observed and simulated mixed layer depths
depth in the North Atlantic where it exceeds 500 m fromare at a minimum in June-August (not shown) but are
the Labrador Sea to east of Scotland. In nature, the forStill quite shallow in September (Figure 5). The model
mation of deep water through complex convective pro-closely approximates observations wiithf the order of
cesses can lead to instantaneous mixed layer values 8P M in the central North Atlantic and much of the
greater than 1500 m in the Labrador and Greenland Sed¥orth Pacific, and somewhat deeper mixed layers north
[Gascard and Clarke1983; Dickson et al. 1996]. A of 50°N in the Atlantic and in the subtropics of both
secondary maximum in the observhcextends north-  0cean basins. The MLM also reproduces the observed
eastward across the central Atlantic. The MLM simu- Minimum inh between 0° and 10°N and the deepening
lates the observed structure lobut underestimates its Of the mixed layer from 0° t010°S.
magnitude especially north of ~45°N. Basin-wide estimates of the interannual standard

The observed March mixed layer depths are muchHdeviation of mixed layer depth are not available from
smaller in the Pacific where there is no deep water forobservations; the simulateiof h are shown in Fig. 6
mation. The observe reaches a maximum value of for March and September. The regions of greatest vari-
~200 m, S“ght'y greater thah in the Coup|ed model ab|l|ty coincide with the maximum meamvalues both
integration. The observed and simulatechaxima are  In winter and in summer (cf. Figures 4 and 5). Thef
located in the western Pacific between 30°N and 450N is greatest in the North Atlantic in March where it
but the center of this maximum is located 5° to the souttxceeds 30 m north of ~30°N and 60 m from about 45°N
and closer to the coast in the model. The elongated® 65°N. Whileh o in March exceeds 30 m over much
regions of enhanceld between 30°N and 50°N in both of the northwest Pacific and in the vicinity of Hawaii, it
oceans are coincident with the surface forcing associls less than 60 m over the entire Pacific. The variability
ated with the main storm track#\lexander and Scatt IS greatly reduced in September when thef h <5 m
1997]. Unlike observations, the model does not contairPver much of the ocean between 30°N and 60°N and has
a narrow region of shallovi along the west coast of & maximum of 15-20 m at 15°N and 10°S in the central
North America perhaps due to the absence of coastdfacific and western Atlantic.
upwelling in the MLM. The observed and simulated
range between 25 and 75 m throughout the tropics. 4. Components of the SST tendency equation

Several factors may contribute to the underestima-
tion of h during winter in the coupled model simulation: The factors which control the SST tendency in the
(1) The MLM tends to shoal too rapidly under stable MLM, shown on the right-hand side of equation (1), are
conditions and thus may be unable to maintain dee@ssociated with fluxes through the surface and the base
mixed layers through late winter. (2) Many ocean pro-0f the mixed layer. Multiplying eq. (1) bgchgives the
cesses that generate turbulence are not included in tH8rms in flux form: the net surface heat flu@q); sur-
MLM, such as surface wave breaking, Langmuir cells,face flux correction Q.,); penetrating solar radiation
inertial current shears. (3) The surface mechanical forc(Qg,,;), entrainment heat fluxq,, = pcWWAT); convec-
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(a) Mixed Layer Depth (m) Levitus Obs: Sept

150E 180 150w 120W 90w 60W 30W 0

Fig. 5. The (a) observed and (b) simulated mixed layer depth (m) in September. The contour interval is 10, where 20<
h<30 is shaded light ant> 30 is shaded dark

tive adjustment CA); and temperature diffusion dt tially smaller (note that the contour interval is one fourth

(Tqif)- The seasonal cycle of the zonal average of thesas large compared with the other three components)

six terms, obtained from the long term monthly meansover most of the globeCA is negligible except at high

of the simulated fluxes, are shown in Figure 7. latitudes in winter when episodic deep convection
As expectedQ,eis the dominant term over much brings warm salty water into the mixed layer. 53

of the Northern Hemisphere, with magnitudes exceedcools the mixed layer, primarily in the subtropics in
ing 80 W m2 north of 20°N in summer and winter. Summer when the surface solar radiation is a maximum

Heating due to solar radiation in summer and cooling by2"dN IS @ minimum.  Like entrainment,g; acts to cool
the sensible and latent heat fluxes in winter results in ah¢ mixed layer primarily at midlatitudes in fall when
strong seasonal cycle @ With a maximum ampli-  [AT| is a maximum.

tude of 200 W rif at ~40°N. However, the total flux Theo values forQnerandQyetCAover the course
through the surface is reduced @y, which is roughly of the seasonal cycle, shown in Fig. 8, are computed

half as | but of o from the departure of monthly means from the 50-year
alf as large afe( but of opposite sign.Qye acts to |\~ ot each model grid point which are then zonally

cool SSTs over most of the Northern Hemisphere, sincgyeraged. Recall that the seasonal cycle of the flux cor-
W, is always positive andT (=Ty,-T,,)) is negative over rection is the same each yeddr 0 = 0). W, have

most of the world oceans. WheAT| reaches a maxi- combinedCAwith Qe Since the former represents con-

mum in fall, Que is similar in magnitude t0Qney vective plumes, an extreme form of entrainment. The
exceeding |80] Wi between 35°N and 60°N. The Qnet 0 has a maximum in winter opposite to the mean

other three componentSA, Qsyp andTyr, are substan- Q.. However, the simulated variability @,.;may be

10
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(a) Mixed Layer Depth InterAnn Stddev (m) March

v —
Eo’ﬁ #\_\
fﬁ’%}&%
120E

150E 180 150W 120W 90w 60W 30W 0

(b) Mixed Layer Depth InterAnn Stddev (m) Sept

0
15

T z T T T T T T T
120E 150F 180 150W 120W 90w 60W 30W 0
Fig 6. The simulated standard deviation of mixed layer depth (m) in (a) March and (b) September. In (a) valme3®dMm
have a contour interval of 10 and are shaded light, viabile 30 m have a contour interval of 30 and are shaded dark. The
contour interval in (b) is 2.5 where H9<10 is shaded light artib >10 is shaded dark.

underestimated due to the lack of low cloud variability. |eads to warming (> 30 Wif) south of Greenland (not
The seasonal cycle of thieof Qpeitends to lag the mean  shown). In September, wheDA is negligible, Qe is

by about one month; for example the magnitude of therajrly zonal in structure and decreases poleward. The
mean §) Qnetis maximized in January (February). The maximum cooling occurs in the northwestern Pacific,

QuerCA 0 has two maxima exceeding 25 Winone at ~ where the magnitude of),e exceeds 100 W
high latitudes in winter and the second in midlatitudes inroughly twice that in the Atlantic at the same latitude.
fall; the former (latter) is due to variability iIEA (Qye.  Q,+CA weakly warms the tropical Pacific @ > 0.

The general zonal structure of tleof Qg and Ty In this region, P-E > 0 increases the surface buoyancy
resemble their means, with maximum values of 8 and 4reating a shallow mixed layer (Figures 4 & 5) that is
Wm2, respectively (not shown). often maintained by a jump in salinity. Observational

The spatial structure d,,e¢in the R30 version of studies byLukas and Lindstronfil991] andAnderson et

the GFDL is in general agreement with observationsal' [1996] also indicate that entrainment acts to slightly

warm the mixed layer and helps to maintain high SSTs
[Alexander and Scotf997]. The mea@Qg+CAfrom . = tropical West Pacific. The warming due to

_the couplgd ”T'Ode' S|mulat_|on in March and September wetCA in the eastern equatorial Pacific during Sep-
is shown in Figure 9. During MarctQ,+CA is rela- . . .
tember in the model is unrealistic.

tively weak over both ocean basins with the strongest Previous studies [e.gCayan 1992;lwasaka and

cooling (< -30 wn), south of Japan, at 10°N in the wallace, 1995; Delworth 1996; Deser and Timlin
central Pacific, and at 50°N in the central Atlan@A  1997] along with Figure 8 indicate that variability in

11
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Fig. 7. Zoally averaged (a) net surface heat flux, (b) entrainment heat flux, (c) surface heat flux correction, (d) convective

adjustment (e) penetrating solar radiation, and (f) temperature diffusiorTZXWrthe MLM as a function of calendar
month. The contour interval is 20 in (a)-(c) and 5 in (d)-(f). Negative contours are dashed and values <-80 (>80) are

shaded light (dark).

QnePlays an important role in the development of SST(Q,,etCA)o also exceeds that 6,0 in the vicinity of
anomalies. Here we assess the relative importance dhe equator near 160°E, which may be related to interan-
entrainment in generating SST variability by taking thenual variability in the strength of the Madden-Julian
ratio of (Q,etCA)o to Q0 during March and Septem- Oscillation [Shinoda and Hendon, 1998].

ber (Figure 10). During MarchQ@,s+CA)0/Q,s0 is Variability in the entrainment heat flux clearly
small, between 0.2 and 0.4, over most of the ocean nortR!ays an important role in generating SST anomalies
of 10°S, except for the tropical West Pacific and in thedUring September over much of the Atlantic (Pacific)
Atlantic north of 30°N. Ratios that exceed unity in the NOrth of 45'N (35°'N) whereQyetCA)0/Qqe0 > 1.0.
North Atlantic are due tcCA rather thanQ,e The During summer, most of the heat flux across the base of

12
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(9) SD Qnet (W/mx*x2) (b) SD Qwe+CA (W/mxx2)
TN =rr=—] = 70N TE 7 .
60N F=>> 22 son e 15————— 202
50N 5y @ 50N 1 15 205
40N*<5} C:QS < 4ON©//\/ 20
30N SN2 - 15
208140 :( 20N—> \L
TN i§§/2o 20 o wo\

1 \/\/ \ 1
EQ = EQA

—l— —5 10

1

0S T T T T T T T T T T 108 T T T T ? T T T T T
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Fig. 8. Zonally averaged standard deviations of (a) the net surface heat flux and (b) the heat flux due to entrainment plus
convective adjustment (W?r) as a function of calendar montl,g;and Qe + CA o are computed using monthly

anomalies at each MLM grid point and then zonally averaged. The contour interval is 5, values greater than 25 are
shaded.

the mixed layer is associated with mixing in a convec-due to surface heat fluxes and entrainment, the dominant
tively stable environment , and thi@3,.0 >>CAo0. processes in the MLM, is examined further by decom-

The development of the simulated SST anomaliesposing the variables in eq. 1 into daily mean Y and

(o) Qwe+CA (W/m=x2) March

60N A

SON A

40N A

30N A

150W 120W ) 0

60N

50N A

40N A

30N A

120F 150F 180 150W 120W 90w 60W 30W 0

Fig. 9. The heat flux due to entrainment plus convective adjustmentMn{a) March and (b) September. The con-
tour interval is 10, values less than 30 are shaded.
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departures (‘) from the mearClark [1972] andAlex- 4 (AT’ AT R )W, +W' AT’ =W AT’ + CA . (3)
ander and Penland1996] have performed a similar e e €

analysis, USJng ] thg ] approximation Composites of the individual terms in (3) are con-
1/(h+h)=1-(h'/h) , which is valid only when gircted at each model grid point based on when the
h'/h<1 , a condition that is violated over parts of the

ocean especially in spring and summer. Harel/n , . .
then using eq. (1) the anomaloili, tendency can be puted for each calendar month by summing daily values
of each term during the months when theriterion is

local monthly value of‘%T'm >1c Composites are com-

written as : ? .
T — exceeded. Approximately 10 months of data went into

aT'm_M (Qnet* Qoo Lnel’ = Uned each composite.

at _ Pc 7 pc + pc Analyses of zonal means of the terms in eq. (3)

' I 1 indicates that only the first six make a significant contri-
bution toT,,, anomaly development and that the contri-
WATH WAT'R  WATR' bution of the individual terms is distinctly different in
the tropics and midlatitudes but relatively uniform north
of ~20°N (not shown). Figure 11 shows the seasonal
. . cycle of the first six terms on the right-hand side of (3)
HW AT —W AT +(W'en' W' n")AT averaged between 20°N and 70°N. Term | is dominant
throughout the year, indicating th& ¢ strongly con-
tributes to the fastest growing SST anomalies. Even

v \% VI

(@) (Qwe+CA)/Qnet InterAnn Stddev (W/m=x2) March

=
e

120E 150E 180 150W 120W

120E 150E 180 150W 120W 90w 60W 30W 0

Fig 10. The standard deviation of entrainment heat flux plus convective adjustment divided by the standard devia-
tion of the net surface heat fluQ,s+CA)o/Qne0 in (a) March and (b) September. The contour interval is 0.2, val-

ues greater than 1.0 are shaded.
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I

+Composite of 6 components ona_tm [(°C)/(mon)] 20°-70°N
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Fig. 11. Composite of the six leading components ("C H’)m'f the SST tendency equation (3) as a function of cal-
endar month. The composites are constructed at each MLM grid point based on when the local monthly SST ten-

dency exceeds one standard deviation, the resulting values are then averaged between 20°N-70°N.

thoughQ’petis 2-3 times larger in winter than in sum- contributes ~ 0.4°C monthto SST anomaly growth.
mer (Fig.ure 8),n (2/h ) is an order of magnitude Positive values of term IV result from weaker entrain-

smaller in winter than summer (Figures 4 & 5), as ament of colder water from belowW'<0), since
result term | ranges from about 0.4°C mohtim Janu- AT = T,—T,,<0 andfq >0 . Term V, which represents

ary to 1.0°C montH in July. Term Il plays an impor- the mean entrainment of the anomalous temperature
tant role in generating SST during spring and summerjump at the base of the mixed layer, reaches a maximum
in general agreement witBlark [1972] andAlexander  in September, whemT'  ang are large. Term VI
and Penland1996], although they estimated its impact — :

to equal or exceed term I. Term Ill depends on how thealways acts to damp SST anomaly growthyés 'S pos-
instantaneous relationship betwe@q; and n differs itive, AT is almost always negative, and the mixed layer
from their long-term correlation. The net surface heat-tends to be shallower i{">0) when it is warming rap-
ing causes a more buoyant and thus shallower mixeddly.

layer, which results in a positive correlation between

Q'hetandn’. During early spring the distribution af 5.  Winter-to-Winter SST Autocorrelation

is highly skewed, since the mixed layer tends to shoal . _ _ .
abruptly but only gets marginally deeper than the mean.  In the previous section we examined how varia-

— tions in mixed layer depth influenced SST anomaly
A It,Q .n'>Q . .n' thus t Il mak
S & 1esult.Qe’> Qpet’  and thus term |1l makes a development; here we explore how the seasonal cycle of

significant contribution in February-April to the positive 1 which is very large over the North Atlantic (see Fig-
QT'm composite, but is negligible for the negative com- Ures 4 & 5), can affect the persistence of SST anomalies.
ot _ _ _ The local winter-to-winter SST autocorrelation at each
posite (not shown). Term IV, associated with the anom-grid point over the North Atlantic from observations and

alous entrainment rate, is maximized in July when itthe model are shown in the left panels of Figure 12.
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Winter—to—Winter SST Autocorrelation

(b)  from Eq.5 with OBS h (Feb)
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Fig. 12. Local correlations of SST anomalies from one winter (January-March) to the next over the North Atlantic. Left pan-
els are from (a) observations [Smith et al. 1996] for the period 1948-1997 and (c) the MLM, right panels are computed from
Eq. 5 with | = 17.5 Wri? °C andh in February from (b) observations [Monterey and Levitus 1997] and (d) the MLM. Values
greater than 0.4 are shaded, the 0.6 (0.8) contour is bold (dashed).

Winter is defined as January-March when mixed layerstanding the SST autocorrelation patterfrankignoul
depths reach their climatological maximum. The and Hasselmanfl977] showed that in the simplest sto-
observed and simulated autocorrelation patterns are sinchastic model for midlatitude SST anomalies:
ilar, with highest values (0.6 to 0.8) north of abouf N0
in the region of deepest winter mixed layers and lowest (pch) ASST/AT =— A SST+ F; 4)
values (0.2 to 0.4) in the eastern subtropics wherg whereF' represents white-noise atmospheric forc-
relatively small. The observed autocorrelations betweering. The linear damping parameters a highly simpli-
Greenland and Iceland are somewhat higher than thodged representation of the thermodynamic and dynamic
in the MLM, a region where the model also underesti-feedback of an SST anomaly upon the net surface heat
matesh during winter. flux at the sea surface: typical values are estimated to be
A stochastic framework for climate variability, first in the range 15-20 wif °ct [Barsugli and Battisti
proposed byHasselmanr{1976], is helpful for under- 1997; Seager et al.,1995; Saravanan 1998; Franki-
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Monthly SST Lag Correlation: 50N—-65N, 60W—-10W
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Fig. 13. Correlation of February SST anomalies with monthly SST anomalies from the previous January through the
following September for a region in the far North Atlantic {BB65°N, 60°W-10°W). Values are plotted for the obser-
vations (solid circles) and the MLM (open circles). The other curves are computed using Eq. 5-WBh17.5, and 20
Wm?2°C andh in February from observations (456 m; dashed line) and from the MLM (240 m; solid line); with I=17.5
and h=50 m (squares); and with I=17.5 and monthly valudés of averaged over the domain from the MLM (triangles).

gnoul et al.,1998|. Ifhis treated as a constant, the SST values are obtained by correlating the SST anomalies in
autocorrelation function at lagtakes the simple form:  February with those in the previous January through the
following June. The autocorrelations in both the model
R(t) =Exp—(l/(p c h)) At .. (5) and observations exhibit a steep decline during spring
(April-June), attain a minimum in summer (July-Sep-
The one-year lag SST autocorrelations R(1yr) overtember), and reach a secondary maximum the following
the Atlantic calculated from eq. (5) with set to 17.5 winter (January-March). The shape of the autocorrela-
Wm2 °C1 and h obtained from observations and the tion function is characteristic of the "reemergence”
MLM are shown in Figure 12 (right-hand panels). The mechanism discussed blamias and Borfi1970, 1974]
R(1yr) values were derived usirig  in February; nearlyand Alexander and Desdi995], in which atmospheri-
identical results are obtained when using Markch  val-cally-forced thermal anomalies in the deep winter mixed
ues (not shown). The distribution of autocorrelationslayer, become sequestered beneath a shallow summer
computed from eq. (5) broadly resembles the observediixed layer, and are then reentrained into the mixed
autocorrelations (top panels) and those from the couplethyer the following fall and winter.
model (bottom panels). The spatial correlation coeffi- Autocorrelation functions for SST' computed
cient between the top (bottom) panels over the Northusing eq. (5) with different values fdrandh are also
Atlantic (1®N-65°N, 65°W-0°W) is 0.65 (0.67). shown in Figure 13. Autocorrelation functions com-
The monthly lag autocorrelations of SST anoma-puted with| set to 15, 17.5, and 20 Wfh°C? and
lies averaged over the region of deep winter mixed lay-where h is obtained from either observations or the
ers in the far North Atlantic (5SIN-65°N, 60°W-10°W) MLM averaged over the region during February, indi-
are shown in Figure 13. The observed and the simulatedate that the observed and simulated winter-to-winter
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SST’ correlations can be explained by the stochastic cli{1983], Herterich and Hasselmanji987], Frankignoul
mate model, provided thatis given by its winter value. et al.[1998], andOstrovskii and Piterbarg1985].
Autocorrelation functions calculated with bolthset to

50 m, the depth often chosen for slab models, and with a

more realistic seasonally-varyiryg indicate that a slab 6. Components of the Entrainment Equation

mixed layemwithout entrainmenpredicts an erroneously

rapid decay of wintertime SST anomalies. The entrainment rate in the MLM, given by eq. (2),

Why does the simple formula for R(1) in eq. (5) is governed by 2, B(h), andAb which represent wind

work reasonably well wheh is set to its winter value,  giring  puoyancy forcing integrated over the mixed

given thath is an order of magnitude smaller in summer layer, and the buoyancy jump at the base of the mixed
. . ) ! . .

than in winter? Because of the storage of thermal anomrayer' respectively. Correlations between these three

alies created durm_g winter in and below the summeng o andw, are computed for each calendar month
seasonal thermocline, the effectilecan be approxi- ]

mated by its maximum value when considering winter-using daily anomalies ofi.®, -B(h), and Ab only on
to-winter relationships. Since the negative air-sea feeddays when entrainment has occurred. Negative values
back is confined to the shallow surface layer in summerof B(h) and Ab anomalies should enhance entrainment
there is little damping of the thermal anomalies in theall other factors being equal. Averages of the correla-
seasonal thermocline (this was confirmed by the persistions for all of the ocean model grid points between
tence of the heat content anomalies extending from 3@0°N and 70°N are shown in Figure 14. The correlation
m to theh maximum at several locations in the North betweenWw, and u«3 anomalies ranges between about

Atlantic in the MLM.) Thus, the value dfused in €d. 0 35 in February to 0.6 in June. In contrast, the correla-
(5) represents an average damping rate over the entifg,ns betwee, and B(h) peak near ~0.6 in winter and

year, with more (less) damping of the teMperatureye crease to ~0.3 in summer. Correlations betwagn

anomalies over the effectivd in winter (summer). d Ab. whil I I h 0.3 in fall
Many additional factors influende including the mean an » while generally small, approach ~0.3 in tall.
The analysis above examines the linear relation-

wind speed, depth of the atmospheric boundary layer | . .
and proximity to land, while oceanic processes such a§"P Peweeig and the anomalous forcing terms.  In
subduction and horizontal and vertical diffusion also actSome mixed layer models, including the one described
to damp SST anomalies. A detailed stochastic modelPy Niiller and Krauss[1977], dissipation is a constant
with damping parameters that depend on location igragt|on of the individual fo_rcmg_ terms, so their contri-
beyond the scope of this paper, although such modelBution toW, can be determined independentieinson
have been developed birankignoul and Reynolds 1992]. Inthe MLM dissipation is non-lineain eq. (2)

Corr: We & forcings (We>0) 20N—70N ave
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Fig. 14. Correlations of the entrainment raé, () with the friction velocity (+3), and the negative buoyancy forcing

integrated over the mixed layeiB(h)), and buoyancy jump at the base of the mixed lay&b) computed using daily
anomalies within a given calendar month.
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is a complex function of B(h)u*?’ andu./f, where fis  Figure 15. From September to April the seasonal cycle

the Coriolis parameter. However, a nondimensionaldommates the interannual variability, as all 50 values
mixing efficiency can be defined: within a given month reside in a distinct area of tilg,

h/A phase space. The spread in the individual monthly

values ofh/L and thusP* is largest in January and Feb-
) ruary. The maximum values of/L (h/A) occur in

December-February (January-March), while the mini-
which is solely a function ofi/L andh/A [Gaspar, 1988], mum of both length scales occurs in June-July. Figure
where L(=ux3B(h)) is a bulk Monin-Obukhov length 15 suggests that entrainment occurs much more often
scale and\(=u«/f) is the Ekman or Rossby rotation than shoaling, sinc®* is almost always greater than

scale. Contoured values &(h/L, h/A) are shown in zero. WhileP* appears to depend much more strongly
Fig. 15.P* increases ab/L decreases since more sur- onL thanA, at a given time and location variationsin

face cooling B(h) < 0) leads to enhanced mixingP* can influence entrainment, especially from March

decreases d¥A increases since rotation limits the verti- through September.

cal size of eddies. However,has a negligible impact The_ mean se"asonal cyclelnﬂL"ve_rsush/)_\ in Fig-
on P* for values oh/L< ~5. ure 15 displays a "hysteresis loop": with a different path

A scatter plot of 50 years of monthly mean Valuesthrough theh/L, h/A phase space in the first and second

of h/L versush/A averaged between 20°N-70°N obtained hhalf of the yelar. Tlhebhysterers]is loop rgﬁ.ults frc;m lags in
from the coupled model simulation are also shown int"€ Seasonal cycle betwesgh), u., andh; zonal aver-

PU = hAbW,/ul®

Nondimensional Entrainment (Px)
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Fig 15. Non-dimensional mixing efficiencl®) as a function of the non-dimensional stabillijLj and rotational
(h/A) parameters, which uniguely gove?h in the MLM. The contour interval is 0.5 for (P9 3.0 and 1.0 for
P*>3.0. Overlaid on th®* contours is a scatter plot &fL , h/A obtained from the coupled model simulation, where
h/L andh/A are monthly means that have been averaged between 20°N-70°N.
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ages of the quantities reach a maximum in November, The surface and entrainment heat fluxes are the
January, and March, respectively. Hysteresis loops idominant terms in the SST tendency equation. The net
the seasonal cycles of heat content and SST or potentiaglurface heat flux strongly influences the mean seasonal
energy have been discussed®il and Turner[1976].  cycle of SSTs and the development of SST anomalies
Figure 15 along with previous studies indicate that thethroughout the year, but is especially dominant in win-
hysteresis effect in the upper ocean depends on lager. Entrainment of subsurface water into the mixed
between the surface heating and mechanical forcing anldyer acts to cool SSTs over most of the Northern Hemi-
on the physics of the mixed layer, which deepens bysphere, except at high latitudes in the North Atlantic in
entrainment but shoals by reforming closer to the surwinter and in portions of the tropical Pacific where the

face. water is warmer at depth and salinity controls the den-
sity profile. Entrainment strongly influences SSTs
7. Summary anomalies in fall, especially north of ~3% (45°N) in

the Pacific (Atlantic). The impact of entrainment on

A coupled model consisting of an R30 atmo- SST' tendencies depends mainly on the anomalous
spheric GCM connected to an ocean mixed layer mOdelentrainment(W'eﬁn) in summer and the anomalous
is used to study variability of the upper ocean in the mperature iumo at the b f the mixed laver
Northern Hemisphere. The ocean model consists of éi peia_u € Jump at ihe asg ot the _ ed laye
grid of independent column models that allow for local WeAT'h in fall. Anomalous entrainment also influences
air-sea energy exchange and the turbulent entrainmersTs indirectly through the mixed layer depth, ard
of water into the surface mixed layer, but exclude cur-pas g significant impact on the SST’ tendency during
rents and vertical motion. With the application of a sea-gpring and summer. In agreement witexander and
sonally varying surface flux correction, the ong term penjand[1996], the results of the present study suggest
monthly mean SSTs in a 50-year integration of the CoUthat while a fixed slab representation of the upper ocean
pled model remain close observations. _ _may be reasonable in winter, changesiand the heat

The model does a reasonable job of simulatingfjy through the base of the mixed layer play an impor-
SST variability in midlatitudes. Like observations, the tant role in the development of SST anomalies during
interannual standard deviation)(of SST in the model  the remainder of the year. A slab mixed layer without
is slightly higher in September than in March and variesgnirainment and the storage of thermal anomalies
between 0.4 and 12 over most of the northern oceans peneath the mixed layer would predict an erroneously
in both months. However, the model is clearly deficient;apiq decay of SST anomalies, both for a constaat
in the Gulf Stream region and the eastern tropical PacifiGyneren is specified to vary with the seasonal cycle. The
where currents and vertical motion strongly influencegpjjity of the MLM to simulate high (> 0.6) winter-to-
SSTs, and in the eastern portion of the subtropics whergjinter SST anomaly correlations, in regions of deep
the AGCM does not properly simulate stratiform clouds. yinter mixed layers such as the far North Atlantic, sug-
The model slightly underestimates SSi and the  gests that mixed layer processes alone can lead to per-
regions of maximum variability are located at aboutsjstence of thermal anomalies: advection by ocean
20°N-30°N, 10°-15° south of their observed position. I cyrrents or the thermohaline circulation need not be
an additional coupled model integration with observedinyoked. These high autocorrelations can be explained
SSTs specified in the tropical Pacific, the simulated SSTsing Hasselmann’s stochastic climate model for SST
¢ maximum in the Pacific during March is located at anomalies under the assumption that the effective ther-

~35°°N in agreement with observations, suggesting thain| capacity of the surface layer mainly depends on the
SST variability in the central and eastern North Pacificyyintertime h, not the annually averaged mixed layer

during winter is dependent on ENSO. depth.

The model simulatesﬁ the general structure of the Correlations between monthly anomalies \Of,
mean mixed layer deptlth) north of 49 in both 3 L . L
March and September well, but underestimates its mag@nd U«"» B(h) andAb indicate that wind mixing is the
nitude in the North Atlantic during winter. As discussed dominant term driving anomalous entrainment in sum-
in section 3, there are many reasons whyight be too ~ Mer, buoyancy forcing is most important in winter,
small in the subpolar gyre of the North Atlantic in win- While the density jump at the base of the mixed layer is
ter; analyses of ocean GCMs could help to elucidate th@f secondary importance throughout the year. However,
influence of currents on vertical shear and stratificatiofh€ mechanical and buoyancy forcings are linked
and thush. The regions of greatest mixed layer depththrough their mutual dependence on the wind speed.
variability coincide with the maximungh)  in both win- Entrainment in the mixed layer model used here is gov-
ter and summer.
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erned by the Monin-Obukhovu{3/B(h)) and Rossby Of air temperature anomalies by surface fluxes which
rotation (i/f) length scales. The former is dominant in results in an increase in the variance of the near surface

. . . . . air temperature and a slight enhancement of the persis-
the coupled model simulation especially in winter P g P

althouah rotation can be important for determinin,tence of certain atmospheric structure®hatt et al.
9 . por . 9 [1998] confirmed the reduction of thermal damping in a
whether shoaling occurs at any given time.

Our findings depend on several factors, includingcoupled model which included the seasonal cycle and a

the a priori assumntion of a mixed laver. the arameteryariable depth mixed layer ocean model, but found that
the a p puc dlayer, the p . O}he subsurface storage of thermal anomalies and their
izations used to estimate entrainment into the mixe

. . re-entrainment into the mixed layer had an even greater
layer, neglect of horizontal processes in the ocean

del th ¢ f tion. Newtonian d .~ impact on near surface air temperature variability on
n}? e etsuracz ul)': correc I'.On’ ed tﬁnlanf amﬁ'nginterannual timescales. In the future, we plan to com-
Oelfenr];tzrdaburfhaenAégManggzlae:Zfé:Jrélies’tahzl:rh:l(\:/iz Cléxe_sare the coupled model described here to an atmo-
gared the fidyelity of one dimensional ocean models haveSpheriC GCM simulation in which the SSTs are
e : ) Specified to follow the long-term mean seasonal cycle of
found that bulk models, including the one designed byt pecih W g Y
Gaspar[1988], simulate conditions in the upper ocean . . o , .
' : tion and mixed layer physics influence atmospheric vari-
as well as layered model$/prtin 1985; Kraus 1988]. Ibility X yerphysics infiu phericvar
The flux corrections used here, are in general agreemerﬁit '
with observed estimates of the ocean heat flux conver-
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gence, suggesting that the correction is primarily com-
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cated by eq. (3). In addition, the correction has not been
applied to the surface forcing when computing the
entrainment rate, thus the correction only weakly influ-
encesh through its affect on the mean density profile.
More complex models, including coupled atmo-
sphere-ocean GCMs, also have errors in their simulation
of the mean climate state. Flux corrections have been
applied in some coupled GCM simulationsignabe
and Stouffer1988; Gordon and O’Farrell1997], while
others undergo climate drift and/or obtain reasonable
SST estimates but from a heat balance that differs from
observations §loore and Gordon1994; Bryan 1998;
Kiehl 1998]. Since the mixed layer is mainly controlled
by local processes, one-dimensional models can provide
a useful means for testing parameterizations for vertical
mixing in more complex ocean models.
fluxelsna:gserﬁ)t?gien ';nve\:lﬁt ?na;xjeer:gggssegTogngor;\'ingr];:;zﬁlexander, M.A., and J.I_D._ Scott, Surface flux_ variability
depth. Barsugli[1995] andBlade[1997] compared the over_the North Pacific and North Atlantic Oceans,
) . . J. Climate 10 (11), 2963-2978, 1997.
behavior of a low-resolution atmospheric model coupled

to a 50 m slab ocean to an atmospheric simulation W'thAIexander, M.A. and J. D. Scott, Web-based atlas of

specified SSTs assuming perpetual January conditions. climatology and variability in the GFDL R30S14
These studies along with the idealized modeling study GCM [Available on-line  from  http://

of Barsugli apd Battisti[1997] fognd 'that mldlatltude' www.cdc.noaa. gov/gfdl/2000.
air-sea coupling leads to a reduction in thermal damping

he coupled run to study how midlatitude air-sea interac-
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