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ABSTRACT

A 50-year coupled atmosphere-ocean model integration is used to study sea surface temperature (S
mixed layer depth (h), and the processes which influence them. The model consists of an atmospheric genera
lation model coupled to an ocean mixed layer model in ice-free regions. The midlatitude SST variability is sim
fairly well, although the maximum variance is underestimated and located farther south than observed. The m
clearly deficient in the vicinity of the Gulf Stream and in the eastern tropical Pacific where advective process
important. The model generally reproduces the observed structure of the meanh in both March and September bu
underestimates it in the North Atlantic during winter. The net surface heat flux strongly regulates both the me)
and the anomalous ( ‘ ) SSTs throughout the year. The entrainment heat flux, which is proportional to the pro
the entrainment rate and the temperature jump at the base of the mixed layer , influences SSTs in s

and fall, especially north of ~35˚N (45˚N) in the Pacific (Atlantic). is more important for the developmen

in fall compared to , which is larger in summer. The entrainment rate is dominated by wind-ind

mixing in summer and surface buoyancy forcing in winter; the density jump at the base of the mixed layer is o
ondary importance. In addition, anomalies inh have a significant impact on the heat balance of the mixed layer d
ing spring and summer. Deep winter mixed layers and the storage of thermal anomalies beneath the shallow
layer in summer leads to large winter-to-winter persistence of SST anomalies in the far North Atlantic, in accor
observations and stochastic climate theory.

We( ) ∆T( )

We∆T′

SST′( ) We′∆T
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1. Introduction

Beginning with the pioneering work ofNamias
[1959, 1963] andBjerknes [1964], numerous studies
have sought to understand how midlatitude sea surface
temperature (SST) anomalies form and the extent to
which they influence the atmosphere. SST anomalies
may form through changes in air-sea heat fluxes, hori-
zontal and vertical ocean heat transport, and turbulent
mixing. Many of the early studies [seeFrankignoul,
1985], focused on the role of advection: [Namias,1959,
1965] found that anomalous Ekman drift played an
important role in generating SST anomalies, while
Jacob [1967], Namias [1972], and Favorite and
McClain [1973] suggested that the mean advection of
anomalous temperatures could also be important. More
recent modeling studies confirmed that anomalous
Ekman transport could help to create SST anomalies in
regions of strong SST gradients [Haney,1980; Luksch
and von Storch,1992;Miller et al., 1994;Luksch, 1996].
However, on timesscales of less than ~10 years, most
studies have found that surface heat fluxes play a domi-
nant role in forcing midlatitude SST anomalies [Gill and
Niiler, 1973; Salmon and Hendershott,1976; Franki-
gnoul and Reynolds,1983; Battisti et al., 1995; Halli-
well and Mayer,1996], while Ekman pumping plays a
negligible role [White et al.,1980;Haney et al., 1983;
Schneider et al., 1999].

High-resolution measurements of currents, tem-
perature, and indicate that upper ocean processes, in
addition to surface heat fluxes, can have an important
impact on SSTs [e.g.,Davis et al.,1981; Large et al.,
1986;Webster and Lukas,1992]. However, most field
studies are of short duration, generally lasting less than a
few months. Longer records, of the order of 20-40
years, are available from a few of the ocean weather
ships stationed in the North Atlantic and Pacific Oceans.
Using weather ship data,Clark [1972], Elsberry and
Garwood [1980], and Lanzante and Harnack[1983]
found that the anomalies in the depth of the well mixed
surface layer could significantly influence SSTs in
spring and summer.Camp and Elsberry[1978] showed
that cooling due to entrainment of subsurface water into
the mixed layer could be an order of magnitude larger
than the surface energy fluxes during the passage of
storms at weather shipP (50°N, 145°W). Namias and
Born [1970, 1974] andAlexander and Deser[1995] pre-
sented evidence that thermal anomalies created in the
deep ocean mixed layer could remain intact in the sea-
sonal thermocline (30-100 m) during summer and return
to the surface layer in the following fall and winter.
However, many upper ocean processes, such as entrain-
ment, and their impact on SST are very difficult to mea-
sure directly.

A wide variety of models have been employed t
study the role of the oceans in climate, ranging fro
fixed depth slabs to ocean general circulation mode
(GCMs). Intermediate models, including bulk mixed
layer and one-dimensional layered models have prov
to be useful for studying vertical processes in the upp
ocean [e.g.,Garwood,1977; Niiler and Kraus,1977;
Price et al,.1986;Kantha and Clayson,1994;Large et
al., 1994]. In bulk models the temperature (and salini
and currents if included) is predicted for the mixed laye
as a whole, and the mixed layer depth (h) depends on
processes that create turbulence, including mechan
mixing by wind stress and convective mixing by the su
face buoyancy flux. Bulk models appear to be as acc
rate in their simulation of SST andh as more
sophisticated and computationally intensive layere
models [Martin, 1985; Gaspar et al.,1988; Kraus,
1988]. However, both types of models have genera
been developed and tested at only a few weather s
locations, and bulk models cannot reproduce th
detailed vertical structure of turbulence. Bulk mode
have been used to study the mean seasonal cycle of S
and h [Gordon and Bottomly,1985; Le Treut et al.,
1985; Simonot et al.,1988] and the formation of SST
anomalies over the North Pacific [Miyakoda and
Rosatti, 1984; Alexander, 1992] and North Atlantic
[Battisti et al.,1995]. In addition, the surface layer in
isopycnal ocean GCMs, is parameterized using a bu
mixed layer model [Oberhuber1993;New et al., 1995].

Ocean mixed layer models are also useful fo
understanding the processes that contribute to the v
ability of SST andh over the course of the seasona
cycle. Alexander and Penland[1996] used a statistical
atmospheric model, based on observations from weat
shipP, to drive a mixed layer ocean model. The mod
provided a reasonable estimate of the range of the me
and standard deviation of upper ocean temperature a
mixed layer depth over the seasonal cycle. An analy
of the temperature tendency indicated that anomalies
the net heat flux, mixed layer depth, and entrainme
heat flux all provided a significant contribution to th
growth of SST anomalies at different times of the yea
Anomalies inh were highly correlated with the surface
buoyancy flux in winter and the surface wind stress
summer.

The seasonal cycle and horizontal variability ofh
is also critical to the subduction of water into the perm
nent thermocline via lateral induction, the advection o
surface water through the sloping base of the wint
mixed layer [Woods1985;Marshall et al., 1993;New et
al. 1995; Inui et al. 1999]. Recently,Ladd and Thomp-
son [1999] used mixed layer model simulations to
examine the role of one-dimensional processes in t
formation of mode water, a thick homogeneous lay
2
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created by subduction. They found that surface buoy-
ancy forcing played a critical role in mode water devel-
opment in the central and east Pacific by influencing the
depth of the mixed layer in winter and the strength of
the seasonal pycnocline in summer.

In the present study, we examine the processes that
influence SST andh using an atmospheric GCM cou-
pled to a grid of one-dimensional mixed layer ocean
models. Most previous studies of mixed layer variabil-
ity have been limited in area and/or duration; those mod-
eling studies that have been on the regional-to-global
scale have focused on reproducing the observed mean
seasonal cycle of SST andh. Here in addition to docu-
menting the fidelity of the ocean model, we examine the
influence of vertical processes on both the mean and the
anomalous SSTs over the extratropical Northern Hemi-
sphere oceans. We find that anomalies in mixed layer
depth and the entrainment of subsurface water into the
mixed layer impact the development of SST anomalies
in spring and fall, respectively. We document the winter-
to-winter SST autocorrelations in the model and the
observations and present a simple physical interpreta-
tion of the results. We also examine the interannual vari-
ability of h and the relative roles of buoyancy forcing,
wind stirring, and stratification of the upper ocean on the
evolution of mixed layer depth over the seasonal cycle.
Our goal is to extend the findings of previous theoretical
and limited area studies to investigate mixed layer phys-
ics over a broad range of conditions in the North Atlan-
tic and Pacific during the course of the seasonal cycle.
We find that the entrainment rate is generally dominated
by wind-induced mixing in summer and buoyancy forc-
ing in winter; the stratification is generally of secondary
importance. In addition, a detailed examination of the
magnitude of the two scaling parameters, which control
mixing efficiency, indicates that entrainment is primarily
controlled by mechanical/buoyancy forcing (Monin-
Obukhov scale) rather than by rotation (Ekman scale).

Results from stand-alone ocean model simulations
strongly depend on the choice of surface boundary con-
ditions. For example, using observed surface air temper-
atures and the simulated SSTs to compute the surface
heat fluxes strongly constrains the upper ocean tempera-
ture to follow observations, while models driven by
fluxes determined completely from observations can
drift from the observed climate [Frankignoul, 1985;
Alexander and Deser1995]. By using a coupled model
we avoid the very difficult task of finding the appropri-
ate boundary conditions to drive an ocean model. The
AGCM also provides global surface fields without spa-
tial or temporal gaps or spurious trends. Finally, given
that a coupled AGCM-mixed layer model system does
not include ENSO dynamics, we are able to isolate how
internal atmospheric variability, thermodynamic air-sea

coupling, and mixed layer physics influence SST var
ability.

The atmosphere, ocean, and ice components of
coupled model, the initial model state, the method
coupling, and the surface flux correction are describ
in section 2. The mean and standard deviation of SS
andh during March and September, the peak of winte
and summer in the northern oceans, are discussed in s
tion 3. Factors that control the mean and anomalous S
tendency and the winter-to-winter correlation of SS
anomalies are examined in sections 4 and 5. The re
tionships between the entrainment rate with the she
and buoyancy forcing are explored in section 6. Th
results are summarized and discussed in section 7.

2. Coupled Model

A 50-year simulation with a global coupled atmo
sphere-ocean model is used to study upper ocean v
ability in the northern midlatitude oceans. The mod
consists of a Geophysical Fluid Dynamics Lab (GFDL
atmospheric general circulation model (AGCM) con
nected to an upper ocean mixed layer model (MLM
Alexander and Deser[1995], Battisti et al. [1995],Alex-
ander and Penland[1996], andBhatt et al.[1998] have
used a slightly different version of the MLM to study
upper ocean processes and midlatitude air-sea inter
tion. The ocean model consists of a grid of independe
column models which include local atmosphere-oce
fluxes and the turbulent entrainment of water into th
surface mixed layer, but not mean vertical motions
horizontal processes. The ocean column models
aligned with the AGCM grid over ice free regions of th
global oceans. In regions with sea ice, the ice fractio
ice thickness, and SST are specified.

2.1 Atmospheric Model

The GFDL AGCM is a global spectral model with
rhomboidal truncation at wave number 30, which
approximately 2.25º latitude by 3.75º longitude. Th
model has 14 unequally spaced sigma levels in the ve
cal, with the lowest level at ~30 m above the surfac
The model includes smoothed topography, gravity wa
drag, and predicted clouds and soil moisture. Stratifor
clouds form and precipitation occurs when the relativ
humidity exceeds 100%, while subgrid scale precipit
tion is parameterized by moist convective adjustmen
Many features of the model's climate are presented
the World Wide Web [Alexander and Scott, 2000], while
a more complete description of an earlier version of th
GCM is given byGordon and Stern[1982] andManabe
and Hahn [1981].
3
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2.2. Mixed Layer Ocean Model

The individual column models consist of a uniform
mixed layer atop a layered model that represents condi-
tions in the pycnocline. Here we use the model devel-
oped byGaspar[1988], which has been formulated with
climate simulations in mind. The temperature tendency
of the mixed layer is given by

 (1)

whereTm is the mixed layer temperature,∆T = Tb-Tm,
Tb is the temperature of the remainder of the layer below
h, Qnet is the net surface energy flux into the ocean,Qcor

is the surface heat flux correction, Qswh is the penetrat-
ing solar radiation ath, We the entrainment rate,ρ andc

are the reference density and specific heat of sea water,
κ is the diffusion coefficient for small-scale motion, and
z is the vertical coordinate. Convective adjustment (CA)
occurs when the mixed layer is more dense than the
layer below; at that time, heat within the remainder of
the layer belowh is incorporated into the mixed layer
andh is then set to the top of the next layer. The model
has a similar predictive equation for mixed layer salin-
ity, where the freshwater flux is due to precipitation -
evaporation (P-E).

The mixed layer depth primarily increases via
entrainment, except in high latitudes whereh can signif-
icantly deepen viaCA. By vertically integrating the tur-
bulent kinetic energy equation overh and then applying
a fairly standard set of assumptions [see Niiler and
Krauss, 1977],We can be expressed as:

                                     (2)

where m is a constant, the surface friction velocity

, whereτ is the surface wind stress, and∆b
is the buoyancy jump at the base of the mixed layer; fol-
lowing Gaspar[1988], equation (2) neglects mixing due
to current shear across the base of the mixed layer. The
buoyancy flux integrated over the mixed layer (B(h))
depends onQnet, P-E, and the absorption of solar radia-
tion in the water column. The mean turbulent kinetic

energy(q2), which is usually small but can be important
for near neutral conditions, is parameterized following
Kim [1976]. Mixed layer models generally differ in
their parameterization ofε, the turbulent dissipation
rate; here we use the formulation and parameter values
given byGaspar[1988]. When deepening by entrain-

ment,h is computed as a prognostic variable

When shoaling, the mixed layer reforms closer to th
surface,We is set to zero, andh is computed as a diag-
nostic quantity by assuming a balance between wi
stirring, buoyancy forcing, and dissipation. When th
mixed layer shoals, the temperature (salinity) profile
adjusted to conserve heat (salt) and the temperat
(salinity) change at the base of the mixed layer. Th
prognostic equations forTm, Sm, and h are integrated
using a first-order forward in time scheme.

The region beneath the mixed-layer is represent
by a multi-layer system, where the temperature a
salinity of the layers change by convective adjustmen
vertical diffusion, and linear damping. The temperatu
of the upper 300 m can also change due to penetrat
solar radiation. The vertical diffusion is calculate
using the Crank-Nicholson scheme with a constant d

fusion coefficient of 1.0 x 10-5 m s-2, a value suggested
by the tracer experiments ofLedwell et al.[1993]. The
temperature and salinity in all model layers are damp
toward their monthly mean climatological values on
10-year timescale. This weak, Newtonian dampin
which crudely represents processes that vary with de
such as the mean heat transport, was necessary for
model to retain a stable density profile in regions o
strong current shear. The absorption of solar radiation
parameterized followingPaulson and Simpson [1977].

The bottom of the MLM is 1000 m or the actua
ocean depth, whichever is smaller. For open oce
points, the MLM contains 31 unequally spaced laye
between the surface and 1000 m, where 15 of the lay
are within the first 100 m, and the temperature and sal
ity of the final layer is set to the observed climatologica
value. The mixed layer depth is not forced to coincid
with the levels of the layered model; the temperature
layers that are entirely aboveh are set toTm, while Tb is
from the remainder of the layer which is beneathh.
However,h is constrained to be greater than 10 m an
less than 850 m or the bottom of the ocean, which ev
is smaller.

2.3. Sea Ice

For points where sea ice occurs during any part
the mean seasonal cycle, the MLM is not active; instea
the daily ice thickness and ice fraction (or SST durin
ice-free periods) are specified on the basis of the int
polated monthly mean climatology for the period 1950
1995. Heat fluxes in these areas are weighted for t
appropriate proportions of open water and ice. Sea
can also form over the active MLM points, which ar
beyond the maximum extent of climatological ice whe

t∂
∂Tm Qnet Qcor+

ρch
-----------------------------

Qswh

ρch
------------

We∆T

h
--------------- CA

κ
h
---

z∂
∂T

z h–=

–+ +–=

We
mu*

3 0.5hB h( )– hε–

h∆b q
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Tm drops to the freezing point for seawater, 271.16 K. A
simple heat balance model is used for the ice, which is
assumed to cover 100% of the grid box.

2.4. Air-Sea Coupling and Surface Heat Flux Cor-
rection

Heat, momentum, and freshwater are exchanged
across the model’s air-sea interface. The net heat flux
consists of the shortwave, longwave, sensible, and latent
heat flux. The radiative fluxes in the AGCM depend on
temperature, water vapor, clouds, and specified trace
constituents. The sensible and latent heat flux are com-
puted using standard bulk aerodynamic formulas where
the exchange coefficients have a constant value of 1.0 x
10-3. The surface wind stress is computed in a similar
fashion. The wind speed, air temperature, and specific
humidity used in the bulk formulas are taken directly
from the lowest model level of the AGCM, while the
SST is given byTm obtained from the ocean model. The
atmosphere and ocean models exchange information
once per day, the time step of the MLM. The atmo-
sphere-to-ocean fluxes are averaged over the 96 time
steps in one AGCM day, while the ocean-to-atmosphere
fluxes are computed every AGCM time step using the
daily SST values.

Because of errors in the surface fluxes and pro-
cesses absent from the ocean model it is necessary to
correct the surface fluxes in order to prevent climate
drift. Sausen et al.[1988] showed that model drift can
affect how the climate responds to perturbations, such as
SST anomalies or the doubling of CO2. Flux corrections
have been used in models ranging from slabs to GCMs
[e.g., Sausen and Ponater,1998;Manabe and Stouffer,
1988;Battisti et al.,1995;Gordon and O’Farrell, 1997].
Here surface flux correction values are computed such
that the mean seasonal cycle of SSTs and salinity simu-

lated by the mixed layer closely follow observations
The flux corrections vary with location and time of yea
but do not vary from one year to the next.

The surface heat and salt flux corrections a
obtained from a 20-year MLM simulation using surfac
fluxes from an independent GFDL AGCM run, wher
the AGCM had observed climatological SSTs as boun
ary conditions. The daily SSTs used in the AGCM sim
ulation were obtained by interpolating the long-term
monthly values from theSmith et al.[1996] data set.
Prior to each time step, the SSTs in the 20-year ML
simulation are set to the observed climatological value
which are also the SST boundary condition for th
AGCM on that day. The MLM is then run for one time
step (one day) whereTm and h are free to evolve. At
each ocean model grid point, the heat flux correction
computed such that theTm predicted by the MLM
matches the observed SST at the next time step. A s
ilar method is used to obtain the salt flux correction
This procedure is repeated each day to obtain 20 ye
of daily flux correction values. Long-term monthly
mean corrections are computed and then linearly int
polated to daily values. The daily correction values a
then added as a forcing term to the temperature a
salinity tendency equations in the 50-year coupled r
but are not included when computingWe andh.

The annual mean surface heat flux correctionQcor

is shown in Figure 1 for the North Atlantic and Pacifi
Oceans. Heat is added to the oceans in the western ~

of both basins, with maxima of ~150 W m-2 to the east
of Japan and the east coast of the United States. T
magnitude and pattern of -Qcor resembles the observed
annual meanQnet and equivalently the mean oceani
heat flux convergence [Hsuing,1985;Moisan and Niiler,
1998], indicating that the correction is primarily
accounting for the absence of advection in the oce

Fig. 1. Annual average surface heat flux correction (Wm-2). Positive 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.
5
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model. Qcor exceeds 300 W m-2 in the vicinity of the
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 systems
[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 clouds [Gar-
ratt et al., 1998]. As a result,Qcor values between -50

and -100 W m-2 are applied to the MLM during summer
from 40ºN to 60ºN.

2.5.  Initial Conditions

The initial ocean conditions for the coupled model
integration were derived by averaging the MLM vari-
ables on January 1 for 20 years of an MLM simulation
driven by surface fluxes from a previous AGCM simula-

tion. The atmospheric conditions were obtained for Ja
uary 1 by integrating the GFDL AGCM for five years
beginning from a state of rest. Since the AGCM an
MLM initial conditions were obtained independently
there is an adjustment period of a few months once t
two models are coupled.

3. SST andh

Here we examine sea surface temperature a
mixed layer depth fields from the 50-year coupled atm
sphere-ocean integration and compare them to obser
tions. The simulated and observed long-term month
mean SST differ by less than 1ºC at nearly all of th
MLM grid points (not shown), a result of imposing a
surface flux correction. However, these small diffe
ences are systematic: the simulated SSTs tend to be
warm (cold) in summer (winter). These model biase
are due to nonlinearities in the MLM, computing th

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

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 is shadedlight while
those greater than 0.7˚C are shaded dark.
6
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flux corrections from a 20-year ocean only integration,
and the method used to interpolate the flux corrections
in time did not preserve the monthly means from which
they were computed.

The observed and simulated interannual standard
deviations (σ) of SST in March over the Northern Hemi-
sphere oceans are shown in Figure 2. The standard devi-
ations are computed from the departures of the
individual monthly means from the long-term monthly
means. The observedσ values are derived from the
Smith et al.[1996] data set for the period 1950-1995,
while the simulated values are from the 50-year model
integration. Both the simulated and the observedσ
range from 0.3º to 1.2ºC over the open ocean. In the
Atlantic, σ is maximized along the east coast of North
America, in part due to the variability in wind speed and
air temperature associated with continental air masses
moving over the ocean. However, only the observations
exhibit a band of enhancedσ that extends from the mid-
Atlantic states to east of Newfoundland, which probably
arise due to variability in Ekman transport across strong

SST gradients [Luksch, 1996] and in heat transport
the Gulf Stream and North Atlantic Current. The
March σ exceeds 0.6ºC in the central North Pacific i
both the model and observations, but the maximum va
ability of ~0.8ºC occurs 10º-15º farther south in th
model. The simulated SST variability is also greate
(less) than observed in the South China Sea (Gulf
Alaska). Since the coupled model does not contain ho
izontal processes such as currents and wave dynam
there is no El Niño-Southern Oscillation (ENSO), andσ
is significantly underestimated in the eastern tropic
Pacific (Figure 2).

Fluctuations in the strength and position of th
Aleutian low associated with ENSO have been shown
cause SST anomalies to form in the North Pacific prim
rily through changes inQnet [Alexander, 1992; Luksch

and von Storch, 1992; Lau and Nath, 1996]. We have
examined the influence of ENSO on midlatitude SST
using an additional GFDL AGCM-MLM experiment
where observed SSTs are specified between appro
mately 25˚N and 25˚S in the Pacific for the period 195

Fig. 3. The (a) observed and (b) simulated standard deviation of September SSTs (˚C).  Contour interval and shad
ing as in Fig. 2.
7



ALEXANDER ET AL.

s.

in
ific
re
-

-
c
L

of
ST
-

ave

ges:
1995 and SSTs are provided by the MLM elsewhere
over the global oceans. Including the observed ENSO
signal generally improves the simulation of SST vari-
ability in the North Pacific, including a ~15º northward
shift in the maximum SSTσ to 30ºN-40ºN in the cen-
tral Pacific; a decrease inσ in the Sea of Japan; and a
slight increase inσ in the northeast portion of the basin
(not shown).

The SSTσ from observations and the model simu-
lation during September are shown in Figure 3. Both
the observed and the simulated variability are greater in
September than in March, primarily due to the relatively
small thermal inertia of the shallow mixed layer in sum-
mer (see section 4). The observed SSTσ in September
exceeds 0.6ºC over both oceans between 30ºN-50ºN and
reaches a maximum of 1ºC along 40ºN in the Pacific.
The simulatedσ also exceeds 0.6ºC in both basins, but
the region of enhanced variability is located about 15º

farther south in the Atlantic compared to observation
While the region of SSTσ > 0.6ºC is close to that
observed in the North Pacific, it extends too far south
the central Pacific and does not cover the eastern Pac
from 20ºN to 35ºN. The model simulates regions whe
σ > 0.7ºC in the North Pacific but it is too broad com
pared to observations.

Studies byNorris and Leovy[1994] andNorris et
al. [1998] indicate that variability in stratus clouds con
tributes to SST anomalies in the central North Pacifi
during summer. As discussed in section 2, the GFD
model like most AGCMs have difficulty simulating
clouds, especially low-level stratus decks. Thus some
the differences between the observed and simulated S
σ in September may result from errors in the in simu
lated stratus clouds and the attendant surface shortw
radiation.

Fig. 4. The (a) observed and (b) simulated mixed layer depth (m) in March.  The observedh values 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 chan
it is 25 forh < 200 and 100 forh >200; values greater than 200 are shaded.
8
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As expected, the model strongly underestimates
the SST variability associated with ENSO in the tropical
Pacific during September. Unlike March, there is no
clear change in the pattern or strength of the variability
outside of the tropical Pacific in the model simulation
which included the specified ENSO signal. This is con-
sistent with Horel and Wallace[1981], Mitchell and
Wallace[1996] ,and Kumar and Hoerling[1998], who
found that the extratropical atmospheric changes associ-
ated with ENSO are much greater in winter than in sum-
mer.

The observed and the simulated mean mixed layer
depth (h) are shown in Figure 4 for March. The
observedh is obtained fromMonterey and Levitus
[1997] based on the depth where the density is 0.0125

kg m-3 less than the surface density. The observedh val-
ues, which were originally on a 1º x 1º grid, have been
interpolated onto to the models Gaussian grid.

The observed mixed layer reaches its greatest
depth in the North Atlantic where it exceeds 500 m from
the Labrador Sea to east of Scotland. In nature, the for-
mation of deep water through complex convective pro-
cesses can lead to instantaneous mixed layer values of
greater than 1500 m in the Labrador and Greenland Seas
[Gascard and Clarke, 1983;Dickson et al., 1996]. A
secondary maximum in the observedh extends north-
eastward across the central Atlantic. The MLM simu-
lates the observed structure ofh but underestimates its
magnitude especially north of ~45ºN.

The observed March mixed layer depths are much
smaller in the Pacific where there is no deep water for-
mation. The observedh reaches a maximum value of
~200 m, slightly greater thanh in the coupled model
integration. The observed and simulatedh maxima are
located in the western Pacific between 30ºN and 45ºN,
but the center of this maximum is located 5º to the south
and closer to the coast in the model. The elongated
regions of enhancedh between 30ºN and 50ºN in both
oceans are coincident with the surface forcing associ-
ated with the main storm tracks [Alexander and Scott,
1997]. Unlike observations, the model does not contain
a narrow region of shallowh along the west coast of
North America perhaps due to the absence of coastal
upwelling in the MLM. The observed and simulatedh
range between 25 and 75 m throughout the tropics.

Several factors may contribute to the underestima-
tion of h during winter in the coupled model simulation:
(1) The MLM tends to shoal too rapidly under stable
conditions and thus may be unable to maintain deep
mixed layers through late winter. (2) Many ocean pro-
cesses that generate turbulence are not included in the
MLM, such as surface wave breaking, Langmuir cells,
inertial current shears. (3) The surface mechanical forc-

ing is proportional to the cube of the wind speed, and t
buoyancy forcing depends on the square of the wi
speed; thush deepens significantly during short period
of high wind speed. The surface boundary condition
are averaged over one day, which suppresses extre
short-duration forcing. (4) The mixed layer is con
strained to be less than 850 m in the MLM, thereby lim
iting h when deep convection occurs. (5) The MLM
does not include currents, which limitsh due to the
absence of mixing due to vertical shear and the adve
tion of heat and salt which can change the vertical s
bility of the water column. Both of these processes a
likely to be important in the western boundary curren
and the subpolar gyre of the North Atlantic, where th
MLM greatly underestimatesh. (6) The observed mixed
layer depth is estimated from the mean temperature a
salinity profiles, while in the MLM,h is the layer over
which surface-generated turbulence is active.

The observed and simulated mixed layer dept
are at a minimum in June-August (not shown) but a
still quite shallow in September (Figure 5). The mode
closely approximates observations withh of the order of
20 m in the central North Atlantic and much of the
North Pacific, and somewhat deeper mixed layers no
of 50ºN in the Atlantic and in the subtropics of both
ocean basins. The MLM also reproduces the observ
minimum in h between 0º and 10ºN and the deepenin
of the mixed layer from 0º to10ºS.

Basin-wide estimates of the interannual standa
deviation of mixed layer depth are not available from
observations; the simulatedσ of h are shown in Fig. 6
for March and September. The regions of greatest va
ability coincide with the maximum meanh values both
in winter and in summer (cf. Figures 4 and 5). Theσ of
h is greatest in the North Atlantic in March where i
exceeds 30 m north of ~30ºN and 60 m from about 45
to 65ºN. Whileh σ in March exceeds 30 m over much
of the northwest Pacific and in the vicinity of Hawaii, i
is less than 60 m over the entire Pacific. The variabili
is greatly reduced in September when theσ of h < 5 m
over much of the ocean between 30ºN and 60ºN and h
a maximum of 15-20 m at 15ºN and 10ºS in the centr
Pacific and western Atlantic.

4. Components of the SST tendency equation

The factors which control the SST tendency in th
MLM, shown on the right-hand side of equation (1), ar
associated with fluxes through the surface and the b
of the mixed layer. Multiplying eq. (1) byρchgives the
terms in flux form: the net surface heat flux (Qnet); sur-
face flux correction (Qcor); penetrating solar radiation
(Qswh), entrainment heat flux (Qwe = ρcWe∆T); convec-
9
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tive adjustment (CA); and temperature diffusion ath
(Tdif). The seasonal cycle of the zonal average of these
six terms, obtained from the long term monthly means
of the simulated fluxes, are shown in Figure 7.

As expected,Qnet is the dominant term over much
of the Northern Hemisphere, with magnitudes exceed-

ing 80 W m-2 north of 20ºN in summer and winter.
Heating due to solar radiation in summer and cooling by
the sensible and latent heat fluxes in winter results in a
strong seasonal cycle ofQnet with a maximum ampli-

tude of 200 W m-2 at ~40ºN. However, the total flux
through the surface is reduced byQcor which is roughly
half as large asQnet but of opposite sign.Qwe acts to
cool SSTs over most of the Northern Hemisphere, since
We is always positive and∆T (=Tb-Tm) is negative over
most of the world oceans. When |∆T| reaches a maxi-
mum in fall, Qwe is similar in magnitude toQnet,

exceeding |80| Wm-2 between 35ºN and 60ºN. The
other three components,CA, Qswh, andTdif, are substan-

tially smaller (note that the contour interval is one fourt
as large compared with the other three componen
over most of the globe.CA is negligible except at high
latitudes in winter when episodic deep convectio
brings warm salty water into the mixed layer. Qswh

cools the mixed layer, primarily in the subtropics in
summer when the surface solar radiation is a maximu
andh is a minimum. Like entrainment,Tdif acts to cool
the mixed layer primarily at midlatitudes in fall when
|∆T| is a maximum.

Theσ values forQnetandQwe+CA over the course
of the seasonal cycle, shown in Fig. 8, are comput
from the departure of monthly means from the 50-ye
mean at each model grid point which are then zona
averaged. Recall that the seasonal cycle of the flux c
rection is the same each year (Qcor σ = 0). We have
combinedCA with Qwesince the former represents con
vective plumes, an extreme form of entrainment. Th
Qnet σ has a maximum in winter opposite to the mea
Qnet. However, the simulated variability ofQnet may be

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 andh> 30 is shaded dark
10
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underestimated due to the lack of low cloud variability.
The seasonal cycle of theσ of Qnet tends to lag the mean
by about one month; for example the magnitude of the
mean (σ) Qnet is maximized in January (February). The

Qwe+CA σ has two maxima exceeding 25 Wm-2, one at
high latitudes in winter and the second in midlatitudes in
fall; the former (latter) is due to variability inCA (Qwe).
The general zonal structure of theσ of Qswh and Tdif

resemble their means, with maximum values of 8 and 4

Wm-2, respectively (not shown).
The spatial structure ofQnet in the R30 version of

the GFDL is in general agreement with observations
[Alexander and Scott,1997]. The meanQwe+CA from
the coupled model simulation in March and September
is shown in Figure 9. During March,Qwe+CA is rela-
tively weak over both ocean basins with the strongest

cooling (< -30 Wm-2), south of Japan, at 10˚N in the
central Pacific, and at 50˚N in the central Atlantic.CA

leads to warming (> 30 Wm-2) south of Greenland (not
shown). In September, whenCA is negligible,Qwe is
fairly zonal in structure and decreases poleward. T
maximum cooling occurs in the northwestern Pacifi

where the magnitude ofQwe exceeds 100 W m-2,
roughly twice that in the Atlantic at the same latitude
Qwe+CA weakly warms the tropical Pacific as∆T > 0.
In this region, P-E > 0 increases the surface buoyan
creating a shallow mixed layer (Figures 4 & 5) that i
often maintained by a jump in salinity. Observationa
studies byLukas and Lindstrom[1991] andAnderson et
al. [1996] also indicate that entrainment acts to slight
warm the mixed layer and helps to maintain high SST
in the tropical West Pacific. The warming due t
Qwe+CA in the eastern equatorial Pacific during Sep
tember in the model is unrealistic.

Previous studies [e.g.,Cayan, 1992; Iwasaka and
Wallace, 1995; Delworth, 1996; Deser and Timlin,
1997] along with Figure 8 indicate that variability in

Fig 6. The simulated standard deviation of mixed layer depth (m) in (a) March and (b) September. In (a) values ofhσ<30 m
have a contour interval of 10 and are shaded light, whilehσ > 30 m have a contour interval of 30 and are shaded dark.  The
contour interval in (b) is 2.5 where 5<hσ<10 is shaded light andhσ >10 is shaded dark.
11
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Qnetplays an important role in the development of SST
anomalies. Here we assess the relative importance of
entrainment in generating SST variability by taking the
ratio of (Qwe+CA)σ to Qnetσ during March and Septem-
ber (Figure 10). During March (Qwe+CA)σ/Qnetσ is
small, between 0.2 and 0.4, over most of the ocean north
of 10˚S, except for the tropical West Pacific and in the
Atlantic north of 30˚N. Ratios that exceed unity in the
North Atlantic are due toCA rather thanQwe. The

(Qwe+CA)σ also exceeds that ofQnetσ in the vicinity of
the equator near 160˚E, which may be related to intera
nual variability in the strength of the Madden-Julia
Oscillation [Shinoda and Hendon, 1998].

Variability in the entrainment heat flux clearly
plays an important role in generating SST anomali
during September over much of the Atlantic (Pacific
north of 45˚N (35˚N) where (Qwe+CA)σ/Qnetσ > 1.0.
During summer, most of the heat flux across the base

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

adjustment (e) penetrating solar radiation, and (f) temperature diffusion  (Wm-2) in the 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).
12
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the mixed layer is associated with mixing in a convec-
tively stable environment , and thusQweσ >> CA σ.

The development of the simulated SST anomalies,

due to surface heat fluxes and entrainment, the domin
processes in the MLM, is examined further by decom
posing the variables in eq. 1 into daily mean () and

Fig. 8. Zonally averaged standard deviations of (a) the net surface heat flux and (b) the heat flux due to entrainment p

convective adjustment (Wm-2) as a function of calendar month. Qnetand Qwe + CA σ 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.

Fig. 9. The heat flux due to entrainment plus convective adjustment (Wm-2) in (a) March and (b) September. The con-
tour interval is 10, values less than 30 are shaded.
13
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departures ( ‘ ) from the mean.Clark [1972] andAlex-
ander and Penland[1996] have performed a similar
analysis, using the approximation

, which is valid only when

, a condition that is violated over parts of the

ocean especially in spring and summer. Here ,
then using eq. (1) the anomalousTm tendency can be
written as :

= + +

 + + +

 +  +

+ + . (3)

Composites of the individual terms in (3) are con
structed at each model grid point based on when t

local monthly value of Composites are com

puted for each calendar month by summing daily valu
of each term during the months when theσ criterion is
exceeded. Approximately 10 months of data went in
each composite.

Analyses of zonal means of the terms in eq. (3
indicates that only the first six make a significant contr
bution toTm anomaly development and that the contr
bution of the individual terms is distinctly different in
the tropics and midlatitudes but relatively uniform nort
of ~20ºN (not shown). Figure 11 shows the season
cycle of the first six terms on the right-hand side of (3
averaged between 20ºN and 70ºN. Term I is domina
throughout the year, indicating thatQ’net strongly con-
tributes to the fastest growing SST anomalies. Ev

1 h h′+( )⁄ 1 h′ h⁄( )–≈

h′ h⁄ 1<
h 1 η⁄≡

t∂
∂T′m

Q′netη
ρc

----------------

I

Qnet Qcor+( )η′
ρc

---------------------------------------

II

Q′netη′ Q′netη′–

ρc
-------------------------------------------

III

W′e∆Tη

IV

We∆T′η

V

We∆Tη′

VI

W′e∆T′ W′e∆T′–( )η W′eη′ W′eη′–( )∆T

∆T′η′ ∆T′η′–( )We W′e∆T′η′ W′e∆T′η′ CA′+–

t∂
∂

T ′m 1σ>

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

ues greater than 1.0 are shaded.
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thoughQ’net is 2-3 times larger in winter than in sum-

mer (Fig.ure 8), (= ) is an order of magnitude
smaller in winter than summer (Figures 4 & 5), as a

result term I ranges from about 0.4ºC month-1 in Janu-

ary to 1.0ºC month-1 in July. Term II plays an impor-
tant role in generating SST during spring and summer,
in general agreement withClark [1972] andAlexander
and Penland[1996], although they estimated its impact
to equal or exceed term I. Term III depends on how the
instantaneous relationship betweenQnet and η differs
from their long-term correlation. The net surface heat-
ing causes a more buoyant and thus shallower mixed
layer, which results in a positive correlation between
Q’net andη’ . During early spring the distribution ofη’

is highly skewed, since the mixed layer tends to shoal
abruptly but only gets marginally deeper than the mean.

As a result, and thus term III makes a

significant contribution in February-April to the positive

composite, but is negligible for the negative com-

posite (not shown). Term IV, associated with the anom-
alous entrainment rate, is maximized in July when it

contributes ~ 0.4˚C month-1 to SST anomaly growth.
Positive values of term IV result from weaker entrain
ment of colder water from below (W’e<0), since

and . Term V, which represents

the mean entrainment of the anomalous temperat
jump at the base of the mixed layer, reaches a maximu
in September, when and are large. Term V

always acts to damp SST anomaly growth, as is po

itive, is almost always negative, and the mixed lay
tends to be shallower (η’>0) when it is warming rap-
idly.

5. Winter-to-Winter SST Autocorrelation

In the previous section we examined how varia
tions in mixed layer depth influenced SST anoma
development; here we explore how the seasonal cycle
h, which is very large over the North Atlantic (see Fig
ures 4 & 5), can affect the persistence of SST anomali
The local winter-to-winter SST autocorrelation at eac
grid point over the North Atlantic from observations an
the model are shown in the left panels of Figure 1

η 1 h⁄

Q'netη' Q'netη'>

t∂
∂

T ′m

∆T Tb Tm– 0<= η 0>

∆T′ η

We

∆T

Fig. 11. Composite of the six leading components (˚C mon-1) of 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 t

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

T ′m∂

t∂
-------------+Composite of 6 components on 20° 70°N–°C( ) mon( )⁄[ ]

Qη′ ρc⁄ II( )

Q′η ρc⁄ I( ) Q′η′ Q′η′–[ ] ρc⁄ III( )

We′∆Tη IV( )

We∆T′η V( )

We∆Tη′ VI( )
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Winter is defined as January-March when mixed layer
depths reach their climatological maximum. The
observed and simulated autocorrelation patterns are sim-
ilar, with highest values (0.6 to 0.8) north of about 50°N
in the region of deepest winter mixed layers and lowest
values (0.2 to 0.4) in the eastern subtropics whereh is
relatively small. The observed autocorrelations between
Greenland and Iceland are somewhat higher than those
in the MLM, a region where the model also underesti-
matesh during winter.

A stochastic framework for climate variability, first
proposed byHasselmann[1976], is helpful for under-

standing the SST autocorrelation pattern.Frankignoul
and Hasselmann[1977] showed that in the simplest sto
chastic model for midlatitude SST anomalies:

(ρch) ∆SST'/∆τ  = − λ SST'+ F';     (4)
where represents white-noise atmospheric for

ing. The linear damping parameterl is a highly simpli-
fied representation of the thermodynamic and dynam
feedback of an SST anomaly upon the net surface h
flux at the sea surface: typical values are estimated to
in the range 15-20 Wm-2 °C-1 [Barsugli and Battisti,
1997; Seager et al.,1995; Saravanan, 1998; Franki-

Fig. 12. Local correlations of SST anomalies from one winter (January-March) to the next over the North Atlantic. Left p
els are from (a) observations [Smith et al. 1996] for the period 1948-1997 and (c) the MLM, right panels are computed f

Eq. 5 with l = 17.5 Wm-2 °C and in February from (b) observations [Monterey and Levitus 1997] and (d) the MLM. Value
greater than 0.4 are shaded, the 0.6 (0.8) contour is bold (dashed).

h
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gnoul et al.,1998]. If h is treated as a constant, the SST
autocorrelation function at lagτ takes the simple form:

R(τ) = Εxp −(l/(ρ c h)) ∆τ . (5)

The one-year lag SST autocorrelations R(1yr) over
the Atlantic calculated from eq. (5) withλ set to 17.5
Wm-2 °C-1 and h obtained from observations and the
MLM are shown in Figure 12 (right-hand panels). The
R(1yr) values were derived using in February; nearly
identical results are obtained when using March val-
ues (not shown). The distribution of autocorrelations
computed from eq. (5) broadly resembles the observed
autocorrelations (top panels) and those from the coupled
model (bottom panels). The spatial correlation coeffi-
cient between the top (bottom) panels over the North
Atlantic (10°N-65°N, 65°W-0°W) is 0.65 (0.67).

The monthly lag autocorrelations of SST anoma-
lies averaged over the region of deep winter mixed lay-
ers in the far North Atlantic (50°N-65°N, 60°W-10°W)
are shown in Figure 13. The observed and the simulated

values are obtained by correlating the SST anomalies
February with those in the previous January through t
following June. The autocorrelations in both the mod
and observations exhibit a steep decline during spri
(April-June), attain a minimum in summer (July-Sep
tember), and reach a secondary maximum the followi
winter (January-March). The shape of the autocorre
tion function is characteristic of the "reemergence
mechanism discussed byNamias and Born[1970, 1974]
andAlexander and Deser[1995], in which atmospheri-
cally-forced thermal anomalies in the deep winter mixe
layer, become sequestered beneath a shallow sum
mixed layer, and are then reentrained into the mixe
layer the following fall and winter.

Autocorrelation functions for SST’ computed
using eq. (5) with different values forl and h are also
shown in Figure 13. Autocorrelation functions com
puted with l set to 15, 17.5, and 20 Wm-2 oC-1 and
where is obtained from either observations or th
MLM averaged over the region during February, ind
cate that the observed and simulated winter-to-wint

h
h

h=456m
h=240m

OBS

MLM

h=50m
h=monthly
MLM

Yr 0 Yr 1

Fig. 13. Correlation of February SST anomalies with monthly SST anomalies from the previous January through th
following September for a region in the far North Atlantic (50°N-65°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: withl = 15, 17.5, and 20
Wm-2 °C and in February from observations (456 m; dashed line) and from the MLM (240 m; solid line); with l=17.5
and h=50 m (squares); and with l=17.5 and monthly values of  averaged over the domain from the MLM (triangles)

h
h
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SST’ correlations can be explained by the stochastic cli-
mate model, provided thath is given by its winter value.
Autocorrelation functions calculated with bothh set to
50 m, the depth often chosen for slab models, and with a
more realistic seasonally-varyingh, indicate that a slab
mixed layerwithout entrainmentpredicts an erroneously
rapid decay of wintertime SST anomalies.

Why does the simple formula for R(1) in eq. (5)
work reasonably well whenh is set to its winter value,
given thath is an order of magnitude smaller in summer
than in winter? Because of the storage of thermal anom-
alies created during winter in and below the summer
seasonal thermocline, the effectiveh can be approxi-
mated by its maximum value when considering winter-
to-winter relationships. Since the negative air-sea feed-
back is confined to the shallow surface layer in summer,
there is little damping of the thermal anomalies in the
seasonal thermocline (this was confirmed by the persis-
tence of the heat content anomalies extending from 30
m to theh maximum at several locations in the North
Atlantic in the MLM.) Thus, the value ofl used in eq.
(5) represents an average damping rate over the entire
year, with more (less) damping of the temperature
anomalies over the effectiveh in winter (summer).
Many additional factors influencel, including the mean
wind speed, depth of the atmospheric boundary layer
and proximity to land, while oceanic processes such as
subduction and horizontal and vertical diffusion also act
to damp SST anomalies. A detailed stochastic model,
with damping parameters that depend on location is
beyond the scope of this paper, although such models
have been developed byFrankignoul and Reynolds

[1983], Herterich and Hasselmann[1987], Frankignoul
et al.[1998], andOstrovskii and Piterbarg [1985].

6. Components of the Entrainment Equation

The entrainment rate in the MLM, given by eq. (2)

is governed byu*
3, B(h), and∆b which represent wind

stirring, buoyancy forcing integrated over the mixe
layer, and the buoyancy jump at the base of the mix
layer, respectively. Correlations between these thr
terms andWe are computed for each calendar mont

using daily anomalies ofu*
3, -B(h), and -∆b only on

days when entrainment has occurred. Negative valu
of B(h) and ∆b anomalies should enhance entrainme
all other factors being equal. Averages of the correl
tions for all of the ocean model grid points betwee
20ºN and 70ºN are shown in Figure 14. The correlatio

betweenWe and u*
3 anomalies ranges between abou

0.35 in February to 0.6 in June. In contrast, the corre
tions betweenWe and -B(h)peak near ~0.6 in winter and
decrease to ~0.3 in summer. Correlations betweenWe

and -∆b, while generally small, approach ~0.3 in fall.
The analysis above examines the linear relatio

ship betweenWe and the anomalous forcing terms. In
some mixed layer models, including the one describ
by Niiler and Krauss[1977], dissipation is a constant
fraction of the individual forcing terms, so their contri
bution toWe can be determined independently [Hanson,
1992]. In the MLM dissipation is non-linear:ε in eq. (2)

Fig. 14. Correlations of the entrainment rate (We ) with the friction velocity (u*
3 ), and the negative buoyancy forcing

integrated over the mixed layer (-B(h)), and buoyancy jump at the base of the mixed layer (-∆b) computed using daily
anomalies within a given calendar month.
18



ALEXANDER ET AL.

le
s

ly
-

i-
re
ten

ly

h

th
d
in
is a complex function of B(h),u*
3 andu*/f, where f is

the Coriolis parameter. However, a nondimensional
mixing efficiency  can be defined:

                                                    (6)

which is solely a function ofh/L andh/λ [Gaspar, 1988],

where L(=u*
3/B(h)) is a bulk Monin-Obukhov length

scale andλ(=u*/f) is the Ekman or Rossby rotation
scale. Contoured values ofP*(h/L, h/λ) are shown in
Fig. 15.P* increases ash/L decreases since more sur-
face cooling (B(h) < 0) leads to enhanced mixing.P*
decreases ash/λ increases since rotation limits the verti-
cal size of eddies. However, h/λ has a negligible impact
onP* for values ofh/L< ~5.

A scatter plot of 50 years of monthly mean values
of h/L versush/λ averaged between 20˚N-70˚N obtained
from the coupled model simulation are also shown in

Figure 15. From September to April the seasonal cyc
dominates the interannual variability, as all 50 value
within a given month reside in a distinct area of theh/L,
h/λ phase space. The spread in the individual month
values ofh/L and thusP* is largest in January and Feb
ruary. The maximum values ofh/L (h/λ) occur in
December-February (January-March), while the min
mum of both length scales occurs in June-July. Figu
15 suggests that entrainment occurs much more of
than shoaling, sinceP* is almost always greater than
zero. WhileP* appears to depend much more strong
on L thanλ, at a given time and location variations inλ
can influence entrainment, especially from Marc
through September.

The mean seasonal cycle ofh/L versush/λ in Fig-
ure 15 displays a "hysteresis loop": with a different pa
through theh/L, h/λ phase space in the first and secon
half of the year. The hysteresis loop results from lags
the seasonal cycle betweenB(h), u* , andh; zonal aver-

P∗ h∆bWe u∗3⁄=

Fig 15.  Non-dimensional mixing efficiency (P*) as a function of the non-dimensional stability (h/L) and rotational
(h/λ) parameters, which uniquely governP* in the MLM.  The contour interval is 0.5 for 0.0P* 3.0 and 1.0 for
P*>3.0. Overlaid on theP* contours is a scatter plot ofh/L , h/λ obtained from the coupled model simulation, where
h/L  andh/λ are monthly means that have been averaged between 20˚N-70˚N.
19



ALEXANDER ET AL.

he
et
nal
ies
-
d
i-

in
e
n-
s

n
us

s

er

s

g

st
an

r-
g
t

es
ly

e

p
-
er-

an
e

ed
T

er-
he
r

-
,
is
er,
d
d.
v-
ages of the quantities reach a maximum in November,
January, and March, respectively. Hysteresis loops in
the seasonal cycles of heat content and SST or potential
energy have been discussed byGill and Turner [1976].
Figure 15 along with previous studies indicate that the
hysteresis effect in the upper ocean depends on lags
between the surface heating and mechanical forcing and
on the physics of the mixed layer, which deepens by
entrainment but shoals by reforming closer to the sur-
face.

7. Summary

A coupled model consisting of an R30 atmo-
spheric GCM connected to an ocean mixed layer model,
is used to study variability of the upper ocean in the
Northern Hemisphere. The ocean model consists of a
grid of independent column models that allow for local
air-sea energy exchange and the turbulent entrainment
of water into the surface mixed layer, but exclude cur-
rents and vertical motion. With the application of a sea-
sonally varying surface flux correction, the long term
monthly mean SSTs in a 50-year integration of the cou-
pled model remain close observations.

The model does a reasonable job of simulating
SST variability in midlatitudes. Like observations, the
interannual standard deviation (σ) of SST in the model
is slightly higher in September than in March and varies
between 0.4 and 1.2°C over most of the northern oceans
in both months. However, the model is clearly deficient
in the Gulf Stream region and the eastern tropical Pacific
where currents and vertical motion strongly influence
SSTs, and in the eastern portion of the subtropics where
the AGCM does not properly simulate stratiform clouds.
The model slightly underestimates SSTσ, and the
regions of maximum variability are located at about
20°N-30°N, 10°-15° south of their observed position. In
an additional coupled model integration with observed
SSTs specified in the tropical Pacific, the simulated SST
σ maximum in the Pacific during March is located at
~35°°N in agreement with observations, suggesting that
SST variability in the central and eastern North Pacific
during winter is dependent on ENSO.

The model simulates the general structure of the
mean mixed layer depth north of 10°S in both
March and September well, but underestimates its mag-
nitude in the North Atlantic during winter. As discussed
in section 3, there are many reasons whyh might be too
small in the subpolar gyre of the North Atlantic in win-
ter; analyses of ocean GCMs could help to elucidate the
influence of currents on vertical shear and stratification
and thush. The regions of greatest mixed layer depth
variability coincide with the maximum in both win-
ter and summer.

The surface and entrainment heat fluxes are t
dominant terms in the SST tendency equation. The n
surface heat flux strongly influences the mean seaso
cycle of SSTs and the development of SST anomal
throughout the year, but is especially dominant in win
ter. Entrainment of subsurface water into the mixe
layer acts to cool SSTs over most of the Northern Hem
sphere, except at high latitudes in the North Atlantic
winter and in portions of the tropical Pacific where th
water is warmer at depth and salinity controls the de
sity profile. Entrainment strongly influences SST
anomalies in fall, especially north of ~35°N (45°N) in
the Pacific (Atlantic). The impact of entrainment o
SST’ tendencies depends mainly on the anomalo

entrainment in summer and the anomalou

temperature jump at the base of the mixed lay

in fall. Anomalous entrainment also influence

SSTs indirectly through the mixed layer depth, and
has a significant impact on the SST’ tendency durin
spring and summer. In agreement withAlexander and
Penland[1996], the results of the present study sugge
that while a fixed slab representation of the upper oce
may be reasonable in winter, changes inh and the heat
flux through the base of the mixed layer play an impo
tant role in the development of SST anomalies durin
the remainder of the year. A slab mixed layer withou
entrainment and the storage of thermal anomali
beneath the mixed layer would predict an erroneous
rapid decay of SST anomalies, both for a constanth or
whereh is specified to vary with the seasonal cycle. Th
ability of the MLM to simulate high (> 0.6) winter-to-
winter SST anomaly correlations, in regions of dee
winter mixed layers such as the far North Atlantic, sug
gests that mixed layer processes alone can lead to p
sistence of thermal anomalies: advection by oce
currents or the thermohaline circulation need not b
invoked. These high autocorrelations can be explain
using Hasselmann’s stochastic climate model for SS
anomalies under the assumption that the effective th
mal capacity of the surface layer mainly depends on t
wintertime h, not the annually averaged mixed laye
depth.

Correlations between monthly anomalies ofWe

and u*
3, B(h) and ∆b indicate that wind mixing is the

dominant term driving anomalous entrainment in sum
mer, buoyancy forcing is most important in winter
while the density jump at the base of the mixed layer
of secondary importance throughout the year. Howev
the mechanical and buoyancy forcings are linke
through their mutual dependence on the wind spee
Entrainment in the mixed layer model used here is go

h( )

h( )

W′e∆Th( )

We∆T′h

h′
20



ALEXANDER ET AL.

ch
ce
is-

a
a

at
eir
ter
n
-
o-

e
of
c-
ri-

te

d
r-
-
so
le
ant

r-

e
-

s-

y
,

of
erned by the Monin-Obukhov (u*
3/B(h)) and Rossby

rotation (u*/f) length scales. The former is dominant in
the coupled model simulation especially in winter,
although rotation can be important for determining
whether shoaling occurs at any given time.

Our findings depend on several factors, including
the a priori assumption of a mixed layer, the parameter-
izations used to estimate entrainment into the mixed
layer, neglect of horizontal processes in the ocean
model, the surface flux correction, Newtonian damping
of temperature and salt anomalies, and the surface fluxes
generated by the AGCM. Several studies that have com-
pared the fidelity of one-dimensional ocean models have
found that bulk models, including the one designed by
Gaspar[1988], simulate conditions in the upper ocean
as well as layered models [Martin 1985;Kraus 1988].
The flux corrections used here, are in general agreement
with observed estimates of the ocean heat flux conver-
gence, suggesting that the correction is primarily com-
pensating for the absence of oceanic heat transport,
rather than for errors in the atmosphere or ocean model.
The correction and to a lesser degree the weak (10-year)
Newtonian damping, keep the mean climate of the upper
ocean close to the observed climate and thereby influ-
ence the simulation of mean quantities, such as the
entrainment heat flux shown in Figure 9. However, it is
crucial to have a reasonable ocean climate in order to
examine the development of SST anomalies, as indi-
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 simulations [Manabe
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 [Moore 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.

In this paper we have focused on how surface
fluxes and entrainment influences SST and mixed layer
depth. Barsugli [1995] andBlade[1997] compared the
behavior of a low-resolution atmospheric model coupled
to a 50 m slab ocean to an atmospheric simulation with
specified SSTs assuming perpetual January conditions.
These studies along with the idealized modeling study
of Barsugli and Battisti[1997] found that midlatitude
air-sea coupling leads to a reduction in thermal damping

of air temperature anomalies by surface fluxes whi
results in an increase in the variance of the near surfa
air temperature and a slight enhancement of the pers
tence of certain atmospheric structures.Bhatt et al.
[1998] confirmed the reduction of thermal damping in
coupled model which included the seasonal cycle and
variable depth mixed layer ocean model, but found th
the subsurface storage of thermal anomalies and th
re-entrainment into the mixed layer had an even grea
impact on near surface air temperature variability o
interannual timescales. In the future, we plan to com
pare the coupled model described here to an atm
spheric GCM simulation in which the SSTs ar
specified to follow the long-term mean seasonal cycle
the coupled run to study how midlatitude air-sea intera
tion and mixed layer physics influence atmospheric va
ability.
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