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ABSTRACT

The deep-ocean heat uptake (DOHU) in transient climate changes is studied using an ocean general circulation
model (OGCM) and its adjoint. The model configuration consists of idealized Pacific and Atlantic basins. The
model is forced with the anomalies of surface heat and freshwater fluxes from a global warming scenario with
acoupled model using the same ocean configuration. In the global warming scenario, CO, concentration increases
1% yr 1. The heat uptake calculated from the coupled model and from the adjoint are virtually identical, showing
that the heat uptake by the OGCM is a linear process.

After 70 yr the ocean heat uptake is almost evenly distributed within the layers above 200 m, between 200
and 700 m, and below 700 m (about 20 X 10% Jin each). The effect of anomalous surface freshwater flux on
the DOHU is negligible. Analysis of the Coupled Model Intercomparison Project (CMIP-2) data for the same
global warming scenario shows that qualitatively similar results apply to coupled atmosphere—ocean GCMs.

The penetration of surface heat flux to the deep ocean in the OGCM occurs mainly in the North Atlantic and
the Southern Ocean, since both the sensitivity of DOHU to the surface heat flux and the magnitude of anomalous
surface heat flux are large in these two regions. The DOHU relies on the reduction of convection and Gent—
McWilliams-Redi mixing in the North Atlantic, and the reduction of Gent—McWilliams—Redi mixing in the

Southern Ocean.

1. Introduction

The study of Levitus et al. (2000) shows that the
World Ocean has warmed since the mid-1950s. The
change of deep-ocean temperature may be affected by
the long-term climate variability. However, studies
based on coupled atmosphere—ocean general circulation
models (AOGCMs) indicate that the detected warming
is consistent with that expected due to an increase of
greenhouse gases (Levitus et al. 2001; Barnett et al.
2001).

Studies from the Coupled Model Intercomparison
Project (CMIP-2) show that the warming due to in-
creasing greenhouse gases leads to an increase of down-
ward net surface heat flux into the ocean. In addition,
the warming is accompanied by an increase of fresh-
water flux into the ocean in higher latitudes, but out of
the ocean in midlatitudes (Figs. 1c,d). As a result, the
thermohaline circulation slows down in most of the
models. However, the relative role of the changes in
surface heat and freshwater fluxes is unclear. Dixon et
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al. (1999) show that in the Geophysical Fluid Dynamics
Laboratory (GFDL) model the weakening of the ther-
mohaline circulation is mainly caused by the increase
of freshwater flux into the ocean. Their result seems to
indicate the importance of freshwater flux to the ther-
mohaline circulation asin Weaver et a. (1993), Rahms-
torf (1995, 1996), Wiebe and Weaver (1999), and Zhang
et al. (1999). On the other hand, the studies of Miko-
lajewicz and Voss (2000), Thorpe et al. (2001), and
Kamenkovich et al. (2002) indicate that the increase of
net surface heat flux is the dominant factor in the slow-
down of the thermohaline circulation.

From the viewpoint of deep-ocean heat uptake
(DOHU), the slowdown of the thermohaline circulation
may cool the deep ocean due to reduced downward heat
transport (Huang et al. 2003, their Fig. 3). What then
causes the warming of the global deep ocean? As in-
dicated in Huang et al. (2003), the DOHU in equilibrium
may be sensitive to both the surface heat and freshwater
fluxes. But, it is not clear whether they play animportant
role in the DOHU in transient climate changes. We will
address this question by combining adjoint sensitivities
to the surface heat and freshwater fluxes with anomalies
of these fluxes from coupled AOGCM simulationswhen
greenhouse gases increase. In an earlier paper, we re-
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ported on the equilibrium sensitivities (Huang et al.
2003), but here we report on and make use of the tran-
sient sensitivities. Section 2 is a brief description of the
Massachusetts Institute of Technology (MIT) OGCM
and its adjoint. The roles of anomalous surface heat and
freshwater fluxesin DOHU in the MIT OGCM and the
CMIP-2 models are compared in section 3. The sensi-
tivity and mechanisms resulting in the increase of
DOHU are studied in section 4. The spatial variations
of DOHU due to the increase of greenhouse gases are
presented in section 5. The DOHU below 200 and 700
m is briefly compared in section 6. Our conclusions are
given in section 7.

2. Model

We use the MIT OGCM (Marshall et a. 1997) and
its adjoint (Giering 1999; Marotzke et al. 1999) with an
idealized Pacific and Atlantic connected by an idealized
Drake Passage (Huang et al. 2003; Kamenkovich et a.
2002). The longitudinal resolution is 1° near the western
and eastern boundaries, but 4° in the central ocean. The
finer resolution near the boundaries enables the simu-
lation of the western boundary current more realisti-
cally. The latitudinal resolution is 4°. The ocean depth
is4.5 km, which is discretized into 15 levels. The thick-
ness between levels is 50 m near the surface, and in-
creases to 550 m at the bottom. The diapycnal (vertical)
diffusivity is set to 5 X 10~°> m? s~* for temperature
and salinity. The isopycnal diffusivity is set to 103 m?
s~%, and the effect of mesoscale eddies on tracers is
calculated based on Gent and McWilliams (1990) and
Redi (1982). Isopycnal and thickness diffusivities are
assumed to be the same, and the mixing due to these
diffusions is referred to as Gent-McWilliams—Redi
(GMR) mixing.

The ocean is spun up for 5000 yr by applying mixed
boundary conditions:

dT SST - T
pde—tlAZl = Qg = pcpflAz1 +F,, (1)
s _ S
dat AleS, @
Fe=E-P-R ©)

where SST is observed monthly seasurfacetemperature.
Here, T,, S, and AZ, are the temperature, salinity, and
thickness, respectively, of the first model layer; 7is a
restoring time of 30 days, F,, is observed monthly net
surface heat flux (positive downward) and Fg is ob-
served annual freshwater flux in unit of m s, both
from Jiang et al. (1999); F4is defined as the difference
between evaporation, precipitation, and river runoff.
SST, F,,, and F are zonally averaged in the Pacific and
Atlantic separately, and S, is the standard salinity of 35
psu.
After the spinup, the surface boundary condition of
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temperature is reset to the flux boundary condition as
follows:
dT —

pde—tlAzl = Qs (4)
where Qg is monthly mean surface heat flux diagnosed
from the last 10 yr of the spinup run using (1). The flux
boundary condition of (4) isvery important in studying
the adjoint sensitivity of DOHU to the surface heat flux.
Otherwise, the perturbation added in (1) may immedi-
ately be damped by the restoring term except at the
higher latitudes (Huang et al. 2003).

In contrast to the OGCM, which is integrated from
aninitial stateto afinal state of one'sinterest, the adjoint
of OGCM isintegrated from the final state to the initial
state (Marotzke et al. 1999). The purpose of the adjoint
is to calculate the sensitivities of a so-called cost func-
tion F,(n) at a timescale of n years to a set of model
control parameters P,

dF.(n)

Sa(n Xy, 2 = P (%Y. 2

by applying the tangent linear and adjoint compiler
(Giering 1999), which measures the change of the so-
called cost function after a constant anomal ous forcing
maintained for n years at a specific location. The ad-
vantage of the adjoint is that the sensitivity to many
parameters (M > 1) can be calculated by one adjoint
simulation. If one wishes to calculate these sensitivities
by integrating the OGCM, only one parameter can be
perturbed at one grid point each time. Therefore, it is
impossible to calculate these sensitivities for all param-
etersat all grid points. In our study, we choose the global
averaged temperature below 700 m as a cost function:

F,=T(n, z< —700 m), (6)

and choose surface heat flux (Qg) and freshwater flux
(Fs = E — P — R) as control parameters. The change
of F. (in unit of K) is referred to as DOHU unless
otherwise specified. We ran the adjoint model for 70 yr,
and calculated the sensitivities of DOHU to Qg and F¢
for the timescales from 1 to 70 yr as indicated in (5).
Using these sensitivities, we will demonstrate that the
impact of anomalous freshwater flux on the DOHU is
negligible, and its effect on the thermohaline circulation
is small asin Mikolgjewicz and Voss (2000), Thorpe et
al. (2001), and Kamenkovich et al. (2003). We will not
discusstherole of anomalouswind stressdueto itssmall
effect on the DOHU and the thermohaline circulation
(Dixon et a. 1999; Mikolajewicz and Voss 2000; Bug-
nion 2001).

m=1M, (5

3. Role of surface heat and freshwater fluxesin
the MIT model

a. Comparison using the adjoint model

To estimate the role of surface heat and freshwater
fluxes in the DOHU below 700 m in a global warming
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TaBLE 1. Estimated ocean heat uptake (K) in different models at the timescale of 70 yr. Here aT/aQS and 9T/9F ¢ are the adjoint sensitivities
of DOHU to surface heat and freshwater flux, respectively, and AQg, AFs = A (E — P — R), and AT are the anomalies between perturbation
and control runs. A 1° change of average temperature below 700 m (200 m) represents a DOHU of 3.7 (4.2) X 10%* J.

Below 700 m Below 200 m

aT T = T T T

aQSAQS aFSA Fs AT 8QSAQS aFSA Fs AT
K SS model 0.052 —0.0010 0.053 0.094 0.00020 0.098
BMRC 0.053 0.00062 0.042 0.110 0.0024 0.082
ECHAM3 0.033 0.0012 0.029 0.062 0.0022 0.064
GFDL 0.065 0.0019 0.085 0.130 0.0027 0.153
GISS 0.048 0.0011 0.071 0.092 0.00087 0.114
IAP 0.040 —0.000043 0.028 0.092 0.00099 0.088
NCAR-CSM 0.037 N/A 0.043 0.068 N/A 0.082
HadCM2 0.035 0.0021 0.058 0.074 0.0029 0.104

scenario, we use the anomalies of net surface heat flux
(Q,, n =1, 70, positive downward) and freshwater flux
(F,, = 6E, — 6P, — 8R,) when CO, concentration in-
creasesat 1%yr-*for 70yr. Here Q,, and F, are averaged
monthly from Kamenkovich et al. (2002, hereafter
KSS). KSS use the modular ocean model of the GFDL
coupled with a zonal mean statistical—dynamical at-
mosphere. The ocean configuration of KSSis the same
as in our study.

The DOHU at a timescale of n years forced by the
anomaly of surface heat and freshwater fluxes can be
estimated as

AT, = ATQ + AT,

6Tn i+1

= 2 2 {30y 0N * aFSZ yAFee )
()
where
AQ, = Q, — Qu 1, ()
AF, = F, — F,_., n =1, 70, 9)
and Q, and F,, are the anomalies of surface heat and

freshwater (E — P — R) fluxes from KSS (Fig. 1). The
surface heat flux anomaly at year 70 is about 5 W m~—2
in the Southern Ocean south of 45°S, and about 20 W

~2 in the North Atlantic north of 50°N (Figs. 1a,b).
The surface heat flux anomaly is very weak north of
30°S in the Pacific, and between 30°S and 30°N in the
Atlantic. The anomaly of precipitation dominates over
that of evaporation by about 2 cm yr—* in the Southern
Ocean south of 50°S, about 5 cm yr~* in the equatorial
ocean between 10°S and 10°N in both the Pacific and
the Atlantic, about 5 cm yr—* in the North Pacific north
of 40°N, and about 10 cm yr-* in the North Atlantic
north of 40°N (Figs. 1c,d). But the anomaly of evapo-
ration dominates over that of precipitation by about 5
cm yr—t between 40° and 10°S and between 10° and
40°N in both the Pacific and the Atlantic.

We find that due to the anomalies of surface heat flux
and freshwater flux (E — P — R) at the timescale of 70

yr, the DOHU is 0.052 and —0.001 K, respectively (Ta-
ble 1; KSS model). This indicates that the heat flux
anomaly plays a dominant role over the freshwater flux
anomaly in the DOHU below 700 m at this timescale
in the global warming simulation of KSS. The effect of
anomalous freshwater flux is negligible. We note that a
1° change of average temperature below 700 m repre-
sents a DOHU of 3.7 X 10%* J. The actual heat uptake
calculated from the output of the KSS model simulation
of the global warming scenario is 0.053 K (AT in Table
1). The closeness to the value calculated using the ad-
joint sensitivities, 0.052 K, shows that the heat uptake
in the KSS model is, to a very good approximation, a
linear process.

b. Comparison using OGCM

To further verify the predominance of the surface heat
flux anomaly in the DOHU in the global warming sce-
nario, we designed a set of simulations with the MIT
OGCM by introducing additional heat (Q,) and fresh-
water (F,) flux anomalies from KSS:

dT, B —

p dt AZ QS - QS + Qn! (10)
s _ S _
a AZ (Fs + F,), n=1 70, (11)

where Qg and F are the climatological surface heat and
freshwater fluxes asin (4) and (2). The simulations are
run for 70 yr in the following conditions: (i) control run
without anomalies of surface heat and freshwater fluxes,
Q, = F, = 0, (ii) with heat flux anomaly only, F, = 0,
(iii) with freshwater flux anomaly only, Q, = 0, and (iv)
with both heat and freshwater flux anomalies, Q, # O
and F, # 0.

The DOHU below 700 m is calculated by the differ-
ence between the perturbation and control simulations
using

AT, = Tz < —700m) — T."(z < =700 m). (12)
The results show that the DOHU is about 0.05, —0.001,
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and 0.05 K (or 20, —1, and 19 X 102 J), respectively,
when forced with the surface heat flux anomaly, the
freshwater flux (E — P — R) anomaly, and the anomalies
of both the surface heat and freshwater fluxesfrom KSS.
The dominant effect of anomalous surface heat flux on
DOHU is consistent with the estimate using the adjoint
sensitivities.

The anomalous heat flux increases the DOHU by the
reduction of convection and GMR mixing (see section
4b for details), and decreases the thermohaline circu-
lation. The anomalous freshwater flux (E — P — R) in
the high latitudes of the North Atlantic decreases the
DOHU, albeit dslightly, owing to the slowdown of the
thermohaline circulation. The effect of freshwater flux
anomaly in the high latitudes is partially cancelled by
that in the subtropical Atlantic (Fig. 1d; KSS), as in-
dicated in Latif et al. (2000). The reason is that the
sensitivity of DOHU to the freshwater flux is positive
over the entire Atlantic (not shown). Therefore, the pos-
itive anomaly of freshwater flux in these latitudes can
increase the DOHU below 700 m. It can aso intensify
the strength of thermohaline circulation due to its pos-
itive sensitivity to the freshwater flux over the entire
Atlantic as indicated in Bugnion (2001).

The OGCM calculations show that the thermohaline
circulation in the North Atlantic is reduced by about 5,
1, and 6 Sv (1 Sv = 10° m® s71), respectively, when
forced with the surface heat flux anomaly only, the
freshwater flux anomaly only, and the anomalies of both
the surface heat and freshwater fluxes. Indeed, the effect
of the anomalous surface heat flux on the thermohaline
circulation dominates over that of the anomalous fresh-
water flux as demonstrated by Kamenkovich et al.
(2003). This is also consistent with the result in the
ECHAM3 model (Mikolajewicz and Voss 2000) and the
second Hadley Centre Coupled Ocean—-Atmosphere
General Circulation Model (HadCM2; Thorpe et al.
2001), but different from the GFDL model (Dixon et
al. 1999).

¢. Comparison of buoyancy forcing

Figure 1 shows the changes in the surface heat and
moisture fluxes after 70 yr of the global warming sce-
nario with the KSS model. This figure also includes
results from seven CMIP-2 models, those from the Bu-
reau of Meteorology Research Centre (BMRC; Power
et a. 1993), the Max Planck Institute in Hamburg, Ger-
many (ECHAMS3; Cubasch et al. 1997; Vosset al. 1998),
the GFDL (Manabe et al. 1991; Manabe and Stouffer
1996), the Goddard Institute for Space Studies (GISS;
Russell et al. 1995; Russell and Rind 1999), the Institute
of Atmospheric Physics (IAP; Wu et al. 1997; Zhang et
al. 2000), the National Center for Atmospheric Research
[NCAR; Climate System Model (CSM); Boville and
Gent 1998], and the HadCM 2 (Johns 1996; Johns et al.
1997). We note that the positions of maximum and min-
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imum E — P — R in the North Atlantic in KSS are
dlightly different from those in the CMIP-2 models.

However the dominance of the surface heat flux
anomaly over the freshwater flux anomaly in the MIT
models seems to be consistent with the buoyancy flux
anomalies in the CMIP-2 models. As shown in Fig. 2,
the buoyancy forcing due to the anomal ous surface heat
flux decreases about 6 X 10-7 kg m~2 s~*in the North
Atlantic north of 50°N except for the NCAR-CSM mod-
el (Fig. 2b). But, the buoyancy forcing due to anomalous
freshwater flux decreases merely about 0.5 X 10-7 kg
m~-2 s~ in the North Atlantic north of 50°N (Fig. 2d).

As a test of whether the DOHU sensitivities of the
MIT adjoint model are reasonably consistent with those
of the CMIP-2 models, we use them to estimate DOHU
in the CMIP-2 models, and compare the estimates with
the DOHU calculated directly from the CMIP-2 data.
To make the estimates we average the CMIP-2 surface
flux anomalies zonally, but separately for the Pacific
and Atlantic basins, and combine them with the adjoint
model sensitivities. The results are shown in Table 1.
They suggest that, as in our models, DOHU due to
anomal ous freshwater isvery small in the CMIP-2 mod-
els.

Table 1 also shows DOHU calculated directly from
the CMIP-2 data (AT in the table). The model differ-
ences are notable (they range from 0.03 to 0.09 K), and
represent one reason for the differences between sim-
ulations of climate change with different state-of-the-
art coupled GCMs (Sokolov and Stone 1998; Raper et
al. 2002). Figure 3 illustrates the correlation between
DOHU estimated using the MIT adjoint model sensi-
tivities and the actual simulated DOHU. The correlation
coefficient, excluding the KSS model, is 0.69, which is
significant at the 95% confidence level. Thus the sen-
sitivities of the MIT adjoint model, in spite of its sim-
plifications compared to the CMIP-2 models, appear to
be qualitatively similar to those of state-of-the-art cou-
pled GCMs.

4. Sensitivity and mechanisms of deep-ocean heat
uptake

a. Sensitivity

As indicated in (5), the sensitivity of DOHU to the
net surface heat (Qg) and freshwater (Fs = E — P —
R) fluxes obviously depends on the timescale upon
which the anomalous forcing acts. In our study of the
DOHU below 700 m at the timescale of 70 yr, we run
the adjoint model for 70 yr, and calcul ate the sensitivities
for the timescale from 1 to 70 yr. Figure 4 displays the
sensitivity of DOHU to the surface heat flux at the time-
scale of 50 yr. The sensitivity of DOHU to the surface
heat flux is positive in both the Pacific and Atlantic
except in asmall area of the southwestern South Atlantic
near the Drake Passage. The positive sensitivity indi-
cates that the heat absorbed at the surface will in part
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Fic. 1. Zonal averaged mean anomalies between 61 and 80 yr except for KSS, which is the annual average of year 70. Downward net
surface heat flux (a) in the Pacific and (b) in the Atlantic in units of W m~2. Freshwater flux (E — P — R) (c) in the Pacific and (d) in the

Atlantic in units of cm yr—1.

penetrate into the deep ocean and increase the global
mean temperature below 700 m. However, the magni-
tude of the sensitivity is generally larger in the North
Atlantic (about 5-20 X 10~ km?W 1) than in the North
Pacific (about 5 X 10-¢ km? W~1), but smaller in the
South Atlantic (less than 5 X 10-% km? W~-1) than in
the South Pacific between 0° and 50°S (about 5-10 X
10-% km? W~1). The sensitivity in the Southern Ocean
is the highest (about 20-30 X 10-% km? W1).

b. Mechanisms

As shown in section 3, the DOHU below 700 m in
the global warming scenario of a 1% CO,, increase per
year is mainly determined by the anomaly of surface
heat flux. A further question is the following: How does
the surface heat flux penetrate into the deep ocean? Ob-
viously, the increase of the DOHU below 700 m must

be associated with the increase of the net heat flux (Q,)
across 700 m. The net heat flux is the sum of the ad-
vective heat flux (Q,,), convective heat flux (Qc,), dia-
pycnal (vertical) diffusive heat flux (Qpp), and diffusive
heat flux (isopycna and thickness diffusion) due to
GMR mixing (Qgur), s in Huang et al. (2003). These
heat fluxes are all defined as positive downward, and
formulated as follows:

Qu = pC, f f WT dx d, (13)
_peAz( TAz + T,,Az,,
QCV At < i AZ| + Azi+1 ’ (14)
aT
Qoo = pC, JJ KrE dx dy, (15)
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(b) Atlantic: 10~7 Kg/m?/s
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Fic. 2. Buoyancy forcing (positive downward) caused by the anomalous surface heat flux (&) in the Pacific and (b) in the Atlantic, and
by the anomalous freshwater flux (c) in the Pacific and (d) in the Atlantic in units of 10-7 kg m~2 s~*. Values are the zonally averaged mean
between 61 and 80 yr except for KSS, which is the annual average for year 70.
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Fic. 3. Comparison of the DOHU below 700 m calculated from
CMIP-2 simulations (AT, x axis) with that estimated by applying the
adjoint sensitivity (T/0Qs)AQs (Y axis).
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FiG. 4. Sensitivity of DOHU below 700 m to the surface heat flux.
Contour interval is2 X 10-¢ km? W-*. The solid (dashed) contours
represent positive (negative) values. The timescale for the sensitivity
is 50 yr.
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QGMR dx dy,

(16)

e [ lm(y Ty
P loy\ay) — ox\ox/
Qe = Qw T Qov + Qup + Qgur-

Here K, and |, are diapycnal (vertical) and isopycnal
diffusivities of temperature, and (0z/dy),, is the slope of
the isopycnal surface. The convective heat flux is cal-
culated according to the adjustment of ocean tempera-
ture within the adjacent layers when water density is
higher in the upper layer than in the lower layer.

To diagnose what physical processes are involved in
the DOHU, we take advantage of the adjoint model
using these five heat fluxes as so-called cost functions,
and calculate the adjoint sensitivities of these five heat
fluxes to the surface heat flux (Qg) as indicated in (5).
Figure 5 shows these sensitivities for the timescale of
50 yr. It is clear that the sensitivity of Q,, across 700
m to Qg is positive (Fig. 5a), and is strong in the North
Atlantic (about 120 X 10° m?) and the Southern Ocean
(about 60-80 X 10° m?). The sign and magnitude of
the sensitivity of Q.. to Qgin Fig. 5aare very consistent
with those of the sensitivity of DOHU to Qg in Fig. 4.
When the ocean surfaceisforced with a heat flux anom-
aly, the downward net heat flux across 700 m will in-
crease, and therefore the deep ocean takes up more heat.

Furthermore, the increase of Q,, across 700 m is
mainly associated with convective heat flux (Q., ) inthe
North Atlantic and the heat flux (Qgus) due to GMR
mixing in the Southern Ocean and the North Atlantic.
This can be seen by comparing the sign and magnitude
of their sensitivities in Figs. 5a,c,e. When the surface
heat flux increases, the upper-layer ocean becomesligh-
ter, and therefore convection is prohibited. This means
that the upward convective heat flux decreases or that
the downward anomaly of convective heat flux increases
in the North Atlantic. Since Qg is directly associated
with the slope of the isopycnal surface as indicated in
(16), upward Qgyr mainly occurs in the North Atlantic
and the Southern Ocean (not shown) where the slope
of the isopycnal surfaceisvery steep. When the surface
heat flux increases in these regions, the slope of the
isopycnal surface will be flattened. Therefore, the up-
ward eddy heat flux along the isopycnal in the GMR
scheme decreases, that is, the downward anomaly of
heat flux increases. The effect of isopycnal mixing in
the Southern Ocean on the DOHU can also be seen in
Gregory (2000). By contrast, in Gregory’s study the
convection in the North Atlantic did not penetrate as
deeply as in ours, and did not affect DOHU at these
depths.

The positive sensitivities of net, advective, diapycnal
diffusive heat fluxes to the surface heat anomaly in the
South Pacific (Figs. 5a,b,d) indicate that the vertical
advection (Q,,) and diapycnal diffusion may also con-
tribute to the net heat flux across 700 m. Nevertheless,
their effects on the DOHU appear to be small, since the
magnitude of anomalous surface heat flux is very small
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in the South Pacific (Fig. 6b). Overall, the global mean
sensitivities of Q., Qw: Qcvs Qop, and Qgur to the
surface heat flux are about 40, 2, 7, 3, and 27 X
10° m?, respectively, at the timescale of 50 yr, indicating
that the DOHU is mainly associated with the reduction
of upward GMR mixing.

In addition, we can see that the distribution of Q,,
sensitivity to the surface heat flux Qg (Fig. 5b) isdirectly
associated with the change of the thermohaline circu-
lation (Bugnion 2001; Mikolajewicz and Voss 2000;
Dixon et al. 1999). As the surface heat flux increases
in the Atlantic, we speculate that the conveyor circu-
lation of downwelling in the Atlantic and upwelling in
the Pacific decreases. Therefore, the downward advec-
tive heat flux will decrease in the Atlantic, which will
lead to a cooling of the deep ocean. In contrast, when
the surface heat flux increases in the Pacific, the con-
veyor circulation will increase. Therefore, the down-
ward advective heat flux will increase, which will result
in a warming of the deep ocean.

Since the effect of anomalous freshwater flux on
DOHU is negligible in this global warming scenario,
we do not discuss the detailed mechanisms by which
the freshwater flux affects DOHU. Readers may refer
to asimilar discussion in Huang et al. (2003) about the
mechanisms of DOHU due to freshwater flux for equi-
librium states.

5. Characteristics of deep-ocean heat uptake

Calculations in sections 3a,b indicate that after 70 yr
in our global warming simulations the total heat ab-
sorbed by the ocean isabout 60 X 102 J, and the DOHU
below 700 m is about 20 X 10?2 J. A further question
is, where does the DOHU originate from? We answer
this question by using our adjoint sensitivities with the
actual surface heat flux changes cal culated with the KSS
model:

pCPV700 o aTn—i+1 aTn—Hl
E(x, y) = AQ, + AF,
®N = Ny & 500 9 T R T
n=1, 70. (18)

Here, E(X, y) is the DOHU per unit area, which repre-
sents mean heat penetration across 700 m due to the
change in the surface heat flux at (X, y). The V,, is the
ocean volume below 700 m, and AQ, and AF; are from
(8) and (9). The effect from the wind stress anomaly is
neglected.

As indicated in Fig. 6a, within 70 yr the total heat
uptake from the atmosphere in the Pacific north of 40°S
(about 2—4 X 10° Jm~2) and the central Atlantic (about
12 X 10° I m~2) is very weak if compared with that
over the North Atlantic (about 10-45 X 10° Jm~—2) and
the Southern Ocean (about 4-8 X 10° J m~2). We can
see (Fig. 6b) that the DOHU across 700 m mainly occurs
in the North Atlantic north of 40°N (about 2-15 X 10°
Jm~2), the South Atlantic south of 50°S (about 2—6 X
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Fic. 5. Adjoint sensitivity of downward heat fluxes across 700 m to the surface heat anomaly at the timescale of 50 yr. (a) Net heat flux,
(b) vertical advective heat flux, (c) convective heat flux, (d) diapycnal heat flux, and (e) eddy heat flux due to GMR mixing. The contour
interval is 20 X 10° m—2.

10° Jm~2), and the South Pacific south of 45°S (about the central Atlantic between 50°S and 30°N. Therefore,
2-4 X 10° I m~2). It appears that the surface heat flux  we can think of a heat sink in the North Atlantic and
has difficulty penetrating across 700 m into the deep the Southern Ocean.

ocean in a large area of the Pacific north of 40°S and We speculate that the heat sink in our OGCM with
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a) Heat uptake across Om (10° Jm™3), yr 1=7
p y
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Fic. 6. Ocean heat uptake within 70 yr across (a) 0 and (b) 700
m. Contour intervals are 1 between 0 and 1, 2 between 2 and 10,
and 5 between 15 and 50. The unit is 10° J m~2.

an idedlized basin may be similar in fully coupled
GCMs, athough its strength and width distribution will
not be identical. For example, asindicated in Figs. 1ab,
the heat flux anomaly at the ocean surface is mainly
located in the North Atlantic north of 50°N and the
Southern Ocean south of 40°Sin amost all fully coupled
GCMs with realistic topography, as well as in the cou-
pled model with an idealized basin from KSS. However,
a weak heat sink may also exist in the North Pacific
north of 50°N such as in the study of Gregory (2000)
using the HadCM2 model as indicated in Fig. la.

Next we compare the heat uptake below 700 m with
total absorbed heat,

DOHU
R, = ,
Qo

n=1,70, (19

where

Q = E Q;At; dx dy, (20)
i=1

is the total heat absorbed by the ocean within n years,

Q, isthe heat flux anomaly at year i, and At is the time

interval between the model outputs of Q; and Q, ;. In

the adjoint model, DOHU is estimated as

DOHU = f E(x, y) dx dy, (21)
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FiG. 7. Ratio between DOHU below 700 m and the total absorbed
heat. (a) Models with an idealized basin and (b) models with fully
coupled GCMs and a realistic topography from CMIP-2.

which is the global integration of (18). Calculation in-
dicates that the ratio R, is about 10%—20% during years
1020, and gradually increases to about 33% as indi-
cated in Fig. 7a, which is consistent with the result of
Gregory (2000). The large fluctuation of theratio in the
first 10 yr is purely due to the fact that Q, is almost
near zero, and the ratio is very noisy.

The ratio estimated from the adjoint model is con-
firmed by the simulation of the MIT OGCM and the
original simulation of KSS, where the DOHU is cal-
culated using

DOHU = pC, VAT . (22)

Here, AT, isthe mean temperature difference below 700
m between the perturbation and control run as shown
in (12). It is clear that the ratio R, is very close in all
three models. The ratios R, in the original simulation
of thefully coupled GCMsfrom CMIP-2 with arealistic
topography are also calculated using Egs. (12), (19),
and (22), since the heat uptake due to the change of sea
ice heat content is trivial and neglected. These ratios
are about 10%—30% during thefirst 20 yr, and gradually
increase to about 20%—40% during the fourth 20-yr pe-
riod (Fig. 7b). The fluctuation of these ratios might be
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Fic. 8. Comparison of the DOHU below 200 m calculated by
applying OGCM simulation AT (x axis) with that estimated by ap-
plying adjoint sensitivity (§T/0Qs)AQs (y axis). The figure legends
are the same as in Fig. 3.

associated with different vertical diffusivities appliedin
these models.

6. Heat uptake below 200 m

The characteristics of the DOHU below 200 min the
global warming scenario with a 1% CO, increase per
year for 70 yr are very similar to those of the DOHU
below 700 m. The DOHU below 200 m (about 0.1 K)
based on the adjoint sensitivities and OGCM simulation
with an idealized basin are very close (Table 1), indi-
cating the linearity of the response of DOHU to the
surface heat flux. The DOHU estimated in the idealized
basin is in the middle of that calculated in the realistic
basin of the CMIP-2 models (about 0.06-0.15 K). The
DOHU estimated by applying the adjoint sensitivity is
well correlated with that calculated in the coupled mod-
els of CMIP-2 (Fig. 8). The correlation excluding the
KSS model is 0.73, which corresponds to a better than
95% confidence level. The effect of anomalous surface
freshwater flux on the DOHU below 200 m appears to
be negligible (Table 1).

The adjoint sensitivity of DOHU below 200 m to the
surface heat flux is positive over both the Pacific and
the Atlantic (Fig. 9) as for that below 700 min Fig. 4.
The main difference is that the magnitude of sensitivity
of the DOHU below 200 mis higher and more uniformly
distributed than that below 700 m.

The heat flux across 200 m is associated in part with
the reduction of convection in the North Atlantic, which
is consistent with Gregory (2000). However, Gregory
(2000) shows that the increase of vertical diffusion con-
tributes a lot to the heat flux near 200 m in both the
North Pacific and North Atlantic, which differs from
our result. Rather, our study indicates that the reduction
of the GMR mixing is the main contributor to the ver-
tical heat flux in the North Atlantic. This may be as-
sociated with the different subgrid-scale eddy parame-
terizations; that is, Gregory (2000) used diapycnal dif-
fusion with its coefficient increasing with depth, and we
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Fic. 9. Sensitivity of DOHU below 200 m to the surface heat flux.
Contour interval is5 X 1076 km? W1,

160°E

use GMR mixing in addition to diapycnal diffusionwith
a constant coefficient.

The DOHU below 200 m can be traced back to the
regions of the heat sink in the North Atlantic and in the
Southern Ocean as for the DOHU below 700 m. How-
ever, the magnitude of DOHU increases to 30 X 10°J
m~2in the North Atlantic north of 40°N and to 4-6 X
10° J m~2 in the Southern Ocean south of 40°S (Fig.
10).

The ratio of heat uptake below 200 m to the total
heat uptake is shown in Fig. 11. The ratios of DOHU
estimated in the adjoint model, MIT OGCM, and KSS
model are very close; they are about 20%-50% at the
timescale of 10 yr and gradually increase to about 70%
at the timescale of 70 yr. (Fig. 11a). These ratios are
also consistent with those from the fully coupled GCMs
of CMIP-2 (Fig. 11b), which range from 10% to 60%
at a 10-yr timescale and from 60% to 70% at a 70-yr
timescale. The surface heat flux into the ocean in this
global warming scenario is almost equally (about one-
third) absorbed by the upper ocean above 200 m, be-
tween 200 and 700 m, and below 700 m. These ratios
are close to those in the study of Gregory (2000).

LATITUDE

0°E 40°E 80°E 120°E 160°E
LONGITUDE

Fic. 10. Ocean heat uptake across 200 m at a timescale of 70 yr.
Contour intervals are 1 between 0 and 1, 2 between 2 and 10, and
5 between 15 and 50. The unit is 10° J m~2.
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FiG. 11. Ratio between DOHU below 200 m and the total absorbed
heat. (a) Models with an idealized basin and (b) models with fully
coupled GCMs and a realistic topography from CMIP-2.

7. Conclusions

We have studied the DOHU using simulations with
the MIT OGCM and its adjoint with an idealized ge-
ometry. The simulations are forced with the anomalous
surface heat and freshwater fluxes from the coupled
model of KSS in a global warming scenario where at-
mospheric CO, increases 1% yr—* for 70 yr. The DOHU
in our simulations are compared with that in the fully
coupled AOGCMs of CMIP-2.

We find that the contribution of anomal ous freshwater
fluxes to DOHU in our models is negligible. Thisisin
part due to the relatively small contribution of the fresh-
water flux anomalies to the buoyancy flux anomaliesin
the KSS global warming scenario. We found that the
buoyancy flux anomalies in al the CMIP-2 coupled
GCMs were also dominated by the heat flux anomalies,
and that the DOHU in the CMIP-2 models were well
correlated with DOHU estimates based on the MIT ad-
joint model sensitivities. Thus the DOHU in the CMIP-
2 models appears to have qualitatively similar sensitiv-
ities.

The sensitivity of DOHU to the downward surface
heat flux in the adjoint model is positive in both the
Pacific and Atlantic, but it is strongest in the North
Atlantic and the Southern Ocean. The increase of
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DOHU is largely associated with the reduction of con-
vective activity due to surface heating and the reduction
of GMR mixing due to flattening of the isopycnal slopes
in the North Atlantic. The reduction of GMR mixing is
the main contributor to the increase of the DOHU in
the Southern Ocean. The dominance of the heat sinks
arises because the sensitivity of DOHU to heat flux
perturbations and the anomaliesin the surface heat flux-
es in the global warming scenario are both particularly
large in these regions. We would expect qualitatively
similar heat sinks to occur in coupled GCMs with sim-
ilar physics.

The heat absorption of the ocean in our models is
almost equally (one-third) distributed above 200 m, be-
tween 200 and 700 m, and below 700 m. After 70 yr of
the global warming scenario, the DOHU below 700 m
is about 20 X 102 J, or 0.05 K. In the coupled GCMs
of CMIP-2, this latter number varies from 0.03 to 0.09
K. In the MIT OGCM the heat uptake in the 70 yr of
the global warming scenario is to a very good approxi-
mation alinear response to the surface heat flux changes.
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