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Atmospheric freshwater fluxes and their effect on the
global thermohaline circulation

Fritz Zaucker', Thomas F. Stocker? and Wallace S. Broecker®
Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York

Abstract. Atmospheric water vapor fluxes were derived from a 1-year data set of
horizontal wind speed and specific humidity assimilated from meteorological obser-
vations by the European Center for Medium-Range Weather Forecast (ECMWF).
Vertically integrated horizontal freshwater fluxes were compared to those of two data
sets based on a climatology [Oort, 1983] and on simulations with an atmospheric
general circulation model (AGCM). Zonal transports agree fairly well at all latitudes
outside the tropics, where fluxes are about double for the AGCM data set. Meri-
dional fluxes of the AGCM and ECMWF data sets show close agreement, while the
climatological fluxes are generally smaller with a considerable northward shift in the
southern hemisphere. Atmosphere-to-ocean freshwater fluxes were derived from the
three data sets. Not only is there substantial disagreement between the data sets,
but their zonal averages over the Atlantic, Pacific, and Indian Ocean basins show
little resemblance to the respective restoring freshwater fluxes from a 2-dimensional
ocean model. If the ocean model is forced with the observed and modeled atmo-
spheric fluxes, we find that the mode of ocean circilation is determined mostly by
the net flux to the high-latitude oceans and the amount of freshwater exported from
the Atlantic basin. The latitudinal structure of the freshwater fluxes in low-latitudes
and midlatitudes has little influence on the modeled thermohaline circulation. The
fluxes derived from the climatology and ECMWF permit North Atlantic Deep Water
(NADW) formation, but a strong freshwater input to the Southern Ocean inhibits
Antarctic Bottom Water formation. The AGCM transports so much moisture to
the Arctic Ocean that NADW formation is shut down, resulting in a ocean circula-
tion mode of southern sinking in all three ocean basins. If NADW is formed in the
model, the strength of the Atlantic meridional overturning is determined by the net
freshwater export from the Atlantic basin. When this export is artificially increased
in the model over a range from 0.2 to 1Sv, the ratio of overturning to freshwater
forcing decreases almost linearly.

1. Introduction

The global thermohaline circulation redistributes heat

The ocean influences the Earth’s climate through the
storage and redistribution of sensible and latent heat
and, in a more indirect way, through acting as a reser-
voir for climate relevant substances like CO5 and other
greenhouse gases. Because of its large heat capac-
ity it moderates surface air temperature on a diurnal
timescale as well as on seasonal and decadal timescales.
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in the world ocean like a “conveyor belt” [Broecker,
1991]. This is especially pronounced in the North At-
lantic, where large amounts of heat are transported
northward and reduce the latitudinal temperature gra-
dient, resulting in much higher winter temperatures in
Europe than at corresponding latitudes elsewhere. The
thermohaline circulation is mainly driven by the pro-
duction of cold and saline water in the northern North
Atlantic as first described by Wiist [1935] and Wist and
Defant [1936]. In the Atlantic Ocean the upper limb of
the conveyor runs from south to north. It is relatively
warm and becomes enriched in salinity by the excess of
evaporation over precipitation on its way through the
subtropical latitudes. This salt enrichinent outweighs
the dilution in the rain belts of the intertropical con-
vergence zone (ITCZ) and the midlatitudes and high
latitudes. The surface water is cooled in the northern
Atlantic by the release of sensible and latent heat (the
latter being the dominating factor according to War-
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ren [1983] anid thus maintaining a relatively high salin-
ity). It is further enriched in salinity by brine release
during sea ice formation. When the density of the up-
per layers exceeds that of the underlying water masses
the water column becomes unstable, and by convective
overturning (mostly in the Greenland, Norwegian, and
Labrador Seas) deep waters are formed which eventu-
ally contribute significantly to North Atlantic Deep Wa-
ter (NADW). The latter forms the lower limb of the
conveyor belt, running southward through the Atlantic
Ocean. For a more complete discussion of the conveyor
belt see for example Gordon [1986] and Broecker [1991].
As winter sea surface temperatures (SSTs) are similar
at corresponding latitudes, the asymmetry with deep
water formation in the North Atlantic and upwelling in
the Pacific is probably related to the different salinity
distribution in the two oceans. Surface salinity is higher
in the Atlantic Ocean by about 1% on average and up
to 2-3 %o higher in northern latitudes [Levitus, 1982).
This salinity distribution is linked to the imbalance of
evaporation, precipitation, and runoff, which provides
the coupling of the transports of salt through the sea
and of water vapor through the atmosphere [Stommel,
1980; Stommel and Csanady, 1980; Warren, 1983; Gor-
don and Piola, 1983]. Thus the thermohaline circula-
tion could be strongly affected by changes of the atmo-
spheric water vapor transport within and between ocean
basins [Broecker et al., 1990; Stocker and Wright, 1991;
Zaucker and Broecker, 1992].

The importance of the thermohaline circulation to
climate was first recognized by Chamberlin [1906], who
discussed whether ice age cycles might be due to changes
in the deep ocean circulation. This was carried further
by Weyl [1968] and Walin [1985]. Since then, many
studies have proposed changes in the thermohaline cir-
culation as a cause for the rapid climate changes re-
ported in Greenland ice cores [e.g., Dansgaard et al.,
1989] and supported by observational evidence from
deep-sea sediment cores [e.g., Lehman and Keigwin,
1992]. Broecker and Denton [1989] have summarized
paleoclimatic information and postulate that glacial to
interglacial transitions are associated with reorganiza-
tions in the ocean, atmosphere, and cryosphere.

Variability on a short timescale is also detected in the
present- day ocean, at least on a regional scale. Using
tritium, ®He, and freon data from the Greenland Sea,
S'chlosser et al. [1991] estimate that deepwater forma.—
tion was reduced by about 80 % in this area in the 1980s.
They hypothesize that this change might be linked to
the salinity anomaly in the northern North Atlantic
observed by Dickson et al. [1988]. The importance of
the atmosphere-to-ocean freshwater fluxes to the ther-
mohaline circulation was also demonstrated in three-
dimensional ocean models [e.g., Bryan, 1986; Maier-
Reimier and Mikolajewicz, 1989; Marotzke and Wille-
brand, 1991; Weaver et al.,, 1993] and coupled models
[e.g., Manabe and Stouffer, 1988].

In this paper we assess the compatibility of observed
and modeled atmospheric water vapor fluxes with the
formation of NADW. For this purpose we present zon-
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ally averaged atmospheric water vapor fluxes and flux
convergences derived from observations and the atmo-
spheric general circulation model (AGCM) developed
at Goddard Space Flight Center, Institute for Space
Studies (GISS). It should be noted that the dataderived
fluxes are not direct observations, but rather derived
quantities from observations of other meteorological
variables. For simplicity we will nevertheless use the
word observations but one should kéep in mind that the
database from which the fluxes were calculated is sparse
over large areas of the globe and that either mathemat-
ical interpolation or meteorological models were used to
achieve a global data set. We compare the atmospheric
fluxes with each other and with those diagnosed from
a two-dimensional ocean model forced with observed
surface temperature and salinity. We further investi-
gate the compatibility of the atmospheric fluxes with
the thermohaline circulation of the ocean model.

The link between the Atlantic Ocean’s freshwater
balance and the strength of the meridional overturn-
ing is schematically explained in Figure 1. For sim-
plicity we consider the Atlantic and Pacific as repre-
sentative of two fundamentally different basins of the
world ocean. The thermohaline circulation constitutes
the lower branch of the global hydrological cycle: In
the modern Atlantic, about 20Sv (1Sv = 10°m3/s) of
water with an excess salinity of about +0.6 %o is ex-
ported by NADW (a mean ocean salinity of 35 %o is
assumed). The upper ocean return flow is close to this
mean salinity. At steady state the salt loss must be
compensated by a net loss of freshwater (salinity excess
—35%0) through the surface of the Atlantic. A mass
flux of 20Sv in the ocean can thus be balanced by an
atmospheric freshwater loss from the Atlantic drainage
basin of only about 0.4 Sv. If atmospheric freshwater ex-
port is a forcing function of the “conveyor belt”, then a
small change in the atmospheric water vapor transport
could result in a major change in ocean circulation. On
the basis of the above estimates one can derive an ampli-
fication factor of about 20/0.4 = 50. Earlier modeling
results confirm the sensitivity of the ocean circulation to
changes in the atmospheric branch of the hydrological
cycle [Stocker and Wright, 1991]. Freshwater forcing is
not the only driving mechanism for NADW formation.
For example, high-latitude heat loss from the ocean to

04Sv

-35%.

Indo-Pacific Atlantic

19.6 Sv, 0.6%.

Figure 1. The importance of small changes
of the atmospheric water vapor fluxes to the
ocean circulation is illustrated by considering
both branches of the hydrological cycle. A small
atmospheric water vapor (AWYV) flux with a high-
salinity anomaly balances a strong oceanic trans-
port (NADW) with a small salinity difference.
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the atmosphere is required to achieve the high-density
surface water leading to deepwater formation.

The paper is organized as follows: In section 2 of
the paper we compare zonal and meridional water va-
por fluxes and divergences from the three data sets.
The ocean model and the steady state circulations are
discussed in section 3. Section 4 presents sensitivity ex-
periments addressing stability and multiple equilibria of
the thermohaline circulation (THC). Discussions follow
in section 5.

2. Atmospheric Water Vapor Fluxes

Atmospheric water vapor transport was calculated
using the horizontal winds and humidity of various data
sets. In the discrete coordinate system of the gridded
data we have

Qi1 = é(h'jluz'lePla (1)
with water vapor flux Q = (Q*, Q%) and zonal and me-
ridional water vapor fluxes Q* and Q¢ (in kilograms per
meter per second); the gravity constant g = 9.81 ms™%
¢ is specific humidity (in kgwater/Kgair); u = (u,v) is
the horizontal wind with zonal and meridional wind ve-
locities u and v (in meters per second); ¢, j, and [ are
longitude, latitude, and pressure level indices, respec-
tively; and Ap; is the pressure difference between the
top and the bottom of the layer (in newtons per square
meter). Yearly averaged data will be presented in this
study.

In the AGCM runs the fluxes were calculated at each
grid box and for each time step (every 15 minutes) and
averaged over a month. The model was described in
detail by Hansen et al. {1983]. Calculations were done
on a regular grid with a horizontal resolution of 4° x5°
latitude by longitude and nine vertical levels (¢ coor-
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dinates). For the ECMWF analysis, monthly integrals
were calculated from the available 6-hourly values for
the time period from June 1989 to May 1990. Cal-
culations were done with a 1°x1° resolution and 19
vertical model levels (hybrid o/pressure coordinates).
To enable comparison the data was then averaged to
the 4° x5° grid of the AGCM. From a climatology for
the years 1963 to 1973 [Oort, 1983] monthly integrated
fluxes were calculated as the sum of the monthly means
and transient eddies (Gg + uiql); see also Zaucker and
Broecker [1992]. The resolution was 5° x2.5° latitude
by longitude and 11 pressure levels. These fluxes were
interpolated to the 4° x5° AGCM gnid.

Because we use a zonally averaged ocean model to
study the impact of atmospheric freshwater transport
on the thermohaline ocean circulation, we introduce
zonally averaged and vertically integrated atmospheric
fluxes according to
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Q is the (column) water vapor flux integrated over L
layers, and Q is its zonal average over M longitudi-
nal indices. A more detailed discussion of the three-
dimensional atmospheric transport is given by Zaucker
and Broecker [1992] and Zaucker [1992].

2.1. Zonal and Meridional Fluxes

In Figure 2 the vertically integrated and zonally av-
eraged zonal water vapor fluxes (Q* as defined in (3))
from the observations and from the AGCM run are
shown. The agreement between Oort’s [1983] climato-
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Figure 2. Zonally averaged, vertically integrated zonal water vapor trans-
port for the climatology (dotted line), ECMWF analysis (dashed line) and
the AGCM run (solid line). Positive values denote eastward transport.
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Figure 3. Zonally averaged, vertically integrated meridional water vapor
transport for the climatology (dotted line), ECMWF analysis (dashed line)
and the AGCM run (solid line). For comparison, data from [Baumgart-
ner and Reichel, 19758 are included (dot-dashed line). Positive values are

northward transport.

logy and the the European Center for Medium-Range
Weather Forecast (ECMWF) analysis is fairly good in
the northern hemisphere. In the southern hemisphere,
however, the two data sets differ by up to 50 %. Overall
the climatology has lower transports than the analysis.
In the midlatitudes and high latitudes of the northern
hemisphere the agreement with the GISS model stays
within the uncertainties of the estimates, with the ex-
ception of the polar regions. In the tropics the GISS
model overestimates the transport by more than 100 %,
due to its too high winds in these latitudes.

The zorially averaged and vertically integrated meri-
dional water vapor fluxes (Q?) are shown in Figure 3.
In midlatitudes the mean flow is poleward, whereas the
lower branches of the Hadley cells transport subtropi-
cal moisture into the ITCZ. The AGCM and ECMWF
analysis agree well except in the tropical areas of the
southern hemisphere. The climatology has in general
up to 50 % lower transports over almost all latitudes.
In addition, an estimate of the meridional water vapor
transport derived from an atlas of evaporation E, pre-
cipitation P, and runoff R is shown [Baumgariner and
Reichel, 1975]. 1t disagrees fairly strongly with Oort’s

estimates, but is generally in good agreement with the
ECMWF analysis.

For a more quantitative comparison of the different
data sets we produced point-to-point scatter plots of
the various data sets versus one another and calculated
their correlation coeflicients (Table 1). Although there
1s no “direct” physical connection between the data sets,
one still would expect a significant correlation, as they
all should resemble the same planetary processes. The
calculated correlation coefficients for the zonal fluxes
are around 0.9. This confirms that the zonal circula-
tion patterns are very similar for the various data sets.
The mean slopes of the regressions show a fairly good
agreement (3 10%) of the overall strength of the wa-
ter vapor fluxes between the ECMWF analysis and the
GISS AGCM, whereas the fluxes calculated from Oort’s
climatology are 25-35% lower (As both data sets in
each regression have associated errors, the slope of the
regression was calculated as the mean of the slopes that
results from treating one data set as a function of the
other and vice versa.). The correlation coefficients for
the meridional fluxes (Q?) are much lower than for the
zonal fluxes (about 0.6) indicating again that the zonal

Table 1. Correlation Coeflicients and Mean Slopes of the Point-to-Point Comparison of the Yearly Averaged
Column Water Vapor Transport and Convergence From the Different Data Sets

ECMWF-0Oort [1983] GISS-Oort [1983] GISS-ECMWF
Correlation Mean Correlation Mean Correlation Mean
Coefficient Slope Coeflicient Slope Coefficient Slope
Zonal transport 0.92 1.37 0.91 1.50 0.88 1.11
Meridional transport 0.66 1.88 0.59 1.61 0.59 0.93
Convergence 0.35 1.61 0.24 1.99 0.61 1.01
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circulation patterns agree much better between the data
sets than do the meridional patterns which generally
vary more in space. Again, the magnitude of the fluxes
is similar between the analysis and the AGCM but is
about 40-50% lower in Oort’s climatology.

2.2. Atmosphere-to-Ocean Fluxes

From the convergence of the atmospheric column wa-
ter vapor fluxes as defined in (2), the atmosphere-to-
ocean freshwater fluxes can be calculated. Under the
assumption of steady state (no change of moisture stor-
age in any given volume of air) the water vapor fluxes
into grid column (¢, j) are balanced by evaporation mi-
~ nus precipitation through the bottom surface A;;:

pwAij(Bij — Pij) = Qiyy; — Qb + Qf,j+1 - Qz (4)

Evaporation and precipitation are taken in units of me-
ters per second, py = 103kg/m? is the density of water.

Details of the two-dimensional structure of these fields
were presented by Zaucker [1992]. All data sets cap-
ture the large-scale features of excess evaporation (di-
vergence) in the subtropics and the excess precipita-
tion (convergence) in the I'TCZ and the midlatitudes
and high latitudes. However, especially over ocean re-
gions where data are sparse, the climatological esti-
mates are in strong disagreement with the AGCM and
ECMWEF analysis results, the latter having much more
zonal structure.

The point-to-point regression analyses of the conver-
gence fields are presented in Figure 4. As these fields
represent the residual of two quantities of comparable
magnitude (£ and P), it is not surprising that the scat-
ter is much larger than for the fluxes and that the cor-
relation coefficients are much smaller. The best agree-
ment is found between the analysis data from ECMWF
and the GISS AGCM run, which not only have the
highest correlation coefficient (0.61) but also exhibit the
same overall magnitude (a linear fit yields a mean slope
of 1.0). The climatology is about 40-50 % lower in mag-
nitude than ECMWF or the AGCM and has very low
correlation (0.35 and 0.24) with these data sets.
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To obtain forcing fields for the ocean model, in the
following section we construct from the two-dimensional
convergence fields the zonally integrated atmosphere-to-
ocean freshwater fluxes (P — E) for the three sectors of
the ocean model (Atlantic, Pacific, and Indian Ocean
basins, Figure 5). The zonal integration was done over
the entire width of the basin as defined by the drainage
divide presented in Zaucker and Broecker [1992] and
thus includes the corresponding land area. Therefore
runoff is implicitly accounted for, although not neces-
sarily at the appropriate latitude. As the major river
systems run more or less zonally (the largest river sys-
tem running in meridional direction is the Mississippi,
which carries only about 0.02Sv), this does not intro-
duce a large error in most areas. Such an error could
be of some significance for our research, especially in
high northern latitudes where Siberian and Canadian
rivers are draining into the Arctic Ocean. As the north-
ernmost box in the Atlantic Ocean of the model ex-
tends from 65°N to 80°N this is of little concern for
this particular study. Again, even in the zonally in-
tegrated fields there is not much resemblance between
the three data sets. The figure also shows the implied
freshwater flux diagnosed from the control of a two-
dimensional ocean model described in the next section.
A net freshwater loss is diagnosed from the regions of
deepwater formation in the Southern Ocean and the
northern North Atlantic, whereas all three atmospheric
data sets show freshwater input to the surface ocean.
The consequences of this discrepancy will be discussed
below.

Starting at the North Pole we integrated the zonally
averaged P — E fields over the Atlantic drainage basin
to obtain the implied oceanic freshwater flux that bal-
ances the meridional atmospheric flux (see Figure 6).
For comparison, the meridional freshwater flux for the
ocean model control run is also included in the figure
(discussed below). The three data sets exhibit a similar
general structure, with pronounced maxima of freshwa-
ter transport toward the equator in the midlatitudes of
both hemispheres and with a somewhat smaller pole-
ward transport near the equator. These fluxes can now
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Figure 4. Correlation of water vapor convergence, yearly average for the different data sets, in centimeters per

year. For the linear fits the solid line represents y = f(x) = az+b, the dashed line represents z = f(y) = ay+b.
Correlation coefficients and mean slopes are given in Table 1.
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Figure 5. P — E for the Atlantic, Pacific, and In-
dian Oceans (from top) based on the zonally inte-
grated convergence of atmospheric water vapor from
the different data sets and the geometry of the ocean
model. The “implied” curve (dashed line) is the diag-
nosed flux from the control run of the ocean model; all
curves are splines through the gridded data; positive
values are freshwater flux from the atmosphere to the
ocean in mm per year.
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be compared to the fluxes given by Schmitt et al [1992]
(hereafter referred to as SBD) that are derived from
oceanographic observations (solid line in the figure).
The atmospheric data sets (Oort [1983] and ECMWF)
agree very well with SBD in the midlatitudes and high
latitudes of the northern hemisphere and also in the po-
sition of the poleward maximum at around 10°N. How-
ever, the strength of the northward transport at this
latitude given by SBD is more than twice that given by
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Oort with the ECMWF flux in between. SBD give no
significant southward maximum, but rather a minimum
of northward transport. ECMWF and Oort agree fairly
well in the magnitude of the poleward transport south of
the equator, but position the maxima about 10° apart.
In the midlatitudes of the southern hemisphere Oort’s
data set implies a maximum of equatorward transport
about twice as high as ECMWF, and SBD’s maximum
is at least twice as high as Oort’s (SBD’s estimate ends
at about 30°S). Owing to the high freshwater input to
the Arctic Ocean in the GISS model the implied oceanic
freshwater fluxes are generally shifted toward southward
transport, thus resulting in the strongest equatorward
transports in midlatitudes, the lowest poleward trans-
port at 10°N, and the strongest poleward transport
south of the equator.

Figures 5 and 6 show two important features with re-
spect to the freshwater balance of the Atlantic Ocean:
(1) the GISS model has a much stronger input of fresh-
water into the Arctic Ocean and thus a much stronger
southward flux of freshwater north of 40°N in the At-
lantic than any other data set; and (2) the export of
freshwater from the Atlantic basin (at about 36°S) is
lower in the GISS model than in the two other data
sets. The consequences for the thermohaline ocean cir-
culation will be discussed in the following section.

3. Ocean Model Runs

The ocean model used in this study was described in
detail by Wright and Stocker [1991; 1992]. It is a two-
dimensional, latitude-depth model which solves zonally
averaged balance equations of mass, momentum, tem-
perature, and salt. Time dependence is only retained
in the latter two balances, and hence the circulation is
diagnosed from the zonally averaged density distribu-
tion. Instabilities are removed by convective mixing.
The model geometry consists of three basins represent-
ing the Pacific, Atlantic, and Indian Oceans which are
connected by the Southern Ocean (Figure 7). The cir-
culation is driven by momentum and buoyancy fluxes
through the surface, and a zonally averaged zonal sur-
face wind stress as given by Han and Lee [1983] is spec-
ified. In order to obtain a steady state, surface tem-
perature T' and salinity S of the model are relaxed to
observations according to

L ) (5a)
TH
Fs = SR(s-sY), (5b)

where Fy and Fg are the implied heat and salt fluxes,
respectively, Hy, is the mixed layer depth, 75 and 75 are
restoring timescales, T and S are temperature and salin-
ity of the model surface layer, and T* and S* are pre-
scribed values of temperature and salinity taken from
Levitus [1982]. Equations (5a) and (5b) describe the
restoring boundary conditions that are frequently used
in ocean only models. For studies relevant to climate
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Figure 6. Implied meridional oceanic freshwater trans-
port in the Atlantic Ocean (zonal average) derived from
the zonally averaged P — F field over the drainage basin
for the various data sets. The solid curve is an estimate
adapted from Schmitt et al. [1992] based on oceano-
graphic observations. The “implied” curve is the flux
diagnosed from the control run of the ocean model; all
lines are splines through the gridded data; positive val-
ues are northward flux in sverdrups.

change, mixed boundary conditions are preferred; i.e.,
F's is held fixed while F is calculated according to (5a).
This is a better approximation because of the absence
of a local feedback between sea surface salinity anoma-
lies and the surface freshwater balance that would be
implied by (5b).

In this section we investigate which of the atmos-
phere-to-ocean freshwater fluxes presented in the pre-
vious section are consistent with the observed thermo-
haline ocean circulation. The two-dimensional ocean
model is first run with restoring boundary conditions
at the sea surface for both temperature and salinity
(from Levitus [1982], modified in the Southern Ocean
(see section 3.1)). The diagnosed or implied freshwa-
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Figure 7. Idealized model representation of the global ocean. The Pacific
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ter flux, (5b), from this run is then used to force the
model under mixed boundary conditions, i.e., restoring
of temperature and specified freshwater flux. This con-
trol run serves as a reference for experiments where the
freshwater fluxes from the climatology, ECMWF analy-
sis, and AGCM run are applied as boundary conditions
for the ocean model. The sensitivity of NADW and
Antarctic Bottom Water (AABW) formation and the
strength of the meridional overturning to modifications
in the surface freshwater fluxes will then be examined.
Finally, we will examine the stability of our results when

key model parameters are varied. The various runs are
listed in Table 2.

3.1. Control Run

Zonally averaged values of temperature and salinity
at 30m as given by Levilus [1982] are used to run
the model under restoring boundary conditions (ex-
periment 1). Stocker et al. [1992] showed, that relax-
ation of salinity to the observed surface salinity in the
Southern Ocean (zonally averaged, annual mean about
34 %o [Levitus, 1982]) does not produce AABW in their
model. They argue that the observations are summer
biased due to the logistical difficulties of polar winter
expeditions. Therefore for this control run the south-
ernmost boxes were relaxed to the salinity typically ob-
served in newly formed AABW (34.6%0). A mixed
layer depth Hy, = 50m is specified with the restoring
timescales Ty = 75 = 50 days.

Figures 8 and 9 show latitude-depth plots of the meri-
dional stream function, temperature, and salinity struc-
ture of the Atlantic and Pacific Oceans. The meridional
overturning stream function representing conservation
of mass is defined by

w= 12 )

with the meridional and vertical velocities v and w, re-

ATLANTIC

INDIAN

SOUTHERN OCEAN

)

Atlantic, and Indian Ocean basins are connected by the Southern Ocean basin.

The model has a flat bottom.
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Table 2. Summary of the Model Runs Discussed in This Paper

Exp. Description Circulation Figure

1 control run; restoring T' and S to Lewvitus’ 1982 NADW, AABW (modern) 89
climatology

2 mixed boundary conditions (MBC) with diag- (modern) -
nosed freshwater flux from experiment 1

3 freshwater flux from Oort [1983] NADW, no AABW 10

4 freshwater flux from ECMWF NADW, no AABW 11

5 freshwater flux from GISS AGCM southern sinking 12

6 freshwater flux from Oort [1983] modified to modern -
reestablish AABW formation

7 freshwater flux from ECMWF modified to reestab- modern -
lish AABW formation

8 freshwater flux from GISS modified to reestablish modern -
NADW and AABW formation

9 like experiments 1, 3, 4, and 5, but with the asin 1, 3,4, 5 -
vertical diffusion coefficient varied from 0.5 to
2x 1074m?s™!

10 like experiments 3 and 4, but started from various southern sinking -
initial conditions, e.g., ocean at rest (see text)

i1 like experiment 6, but atmospheric freshwater ex- increasing NADW 13,14
port from the Atlantic basin varied from 0 to 1Sv

12 like experiments 3 and 4, but with a parameterized NADW shutdown above 0.15Sv -
freshwater flux through Bering Strait of 0.05 to
0.25v

Al runs except 1 and 2 are forced with mixed boundary conditions, i.e., T restored to Levitus’ [1982] climatology
and the freshwater flux as given.

spectively, s = sin ¢, ¢ = cos ¢, longitude ¢, depth z,
ocean depth H, and a the radius of the earth. Thus ¢
has the dimensions of a volume transport (m3s~!). A
comparison to cross sections of the zonal averages of the
observed temperature and salinity [Levitus, 1982] shows
that the model simulates the main features fairly real-
istically. In the subtropics of the northern and south-
ern Atlantic and Pacific Oceans, high-salinity pools are
present at and below the surface. These are related to
the excess of evaporation over precipitation in these lat-

Stream Function [10°m®s™]

itudes. The position of these maxima is slightly shifted
to higher latitudes in the model compared to the ob-
servations. At about 10°N we find low-salinity wa-
ters associated with the ITCZ. Deepwater formation
occurs in the high latitudes of the Atlantic (north of
65°N). NADW which is characterized by salinities above
34.9 %o and relatively low temperature, flows southward
below 1000m depth, with the core at around 3000m.
Below the NADW core and south of the equator we
find AABW which is slightly higher in salinity than

Depth (k)

]
0 20 40 60 80

Latitude

Figure 8. Meridional stream function (in sverdrups), potential temperature (in degrees Celsius), and salinity
(per mi? of the model control run (restoring boundary conditions to surface salinity and temperature from
Levitus [1982]) for the Atlantic basin. The clockwise meridional overturning of the thermohaline circulation is
shown by the positive values of the stream function (solid lines); the high-salinity NADW (> 34.9 %) has its core
at about 3000m depth; the counterclockwise cell of AABW can be seen in the deep southern part of the basin
(dashed line); relatively low-salinity AAIW overlies NADW.
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Figure 9. Same as Figure 8, but for the Pacific basin. Only intermediate water and no deepwater is formed
in the North Pacific; circulation is characterized by northward flow in the deep ocean and large-scale upwelling:
AAIW and AABW are present in the southern part of the basin.

Antarctic Intermediate Water (AAIW), but still is a rel-
ative salinity minimum (lowest in the Atlantic basin).
AABW is the coldest water in the deep ocean and ow-
ing to its high density underlies NADW. In the southern
ocean starting at the surface and 70°S to 60°S, the low-
salinity tongue of AATW extends first northward and
downward to a depth of about 1000m to 1500m and
then slopes upward again into the tropical ocean. The
temperature of this water mass is relatively low, but
owing to its smaller salinity it is less dense than the
underlying NADW. In both ocean basins this feature
extends farther down in the model than in the obser-
vations. Both AAIW and AABW are present in the
southern part of the basins. The high sea surface tem-
perature (SST) in the Indian Ocear (not shown) and
the relatively low sea surface salinity (SSS) in the North
Pacific prevent deepwater formation, and only interme-
diate waters are formed. The overall deep circulation
is northward and characterized by large-scale upwelling.
Because of the simplified dynamics and the fairly coarse
resolution, the model does not capture many of the de-
tails seen in the observations. Features related to bot-
tom topography and the southern or the northern polar
oceans are not resolved by the model, and the high-
salinity inflow from the Mediterranean and Red Seas
are not included. The effect of these marginal seas is
minor in this ocean model. For a further discussion of
the model performance see Wright and Stocker [1992].

From the equilibrium state of the run under restoring
boundary conditions the implied freshwater fluxes were
diagnosed according to (5b) (see Figure 5 and the dis-
cussion in the previous section). The model was then
switched to mixed boundary conditions with relaxation
of SST and freshwater flux from the spin-up (experi-
ment 2). The same circulation was achieved as in the
spin-up run. We should mention here that the choice
of 50 days as the relaxation time is somewhat arbi-
trary, especially for salinity, because of the nonexisting
local feedback between sea surface salinity (SSS) and
the P — E field. Thus we repeated the spin-up runs for
relaxation times from 75 = 50, 100,200, and 365 days.
The magnitude of the diagnosed atmosphere-to-ocean
freshwater flux does indeed vary somewhat in response
to this parameter (larger amplitudes with shorter re-

laxation time). However, the general structure of the
field remains the same. The results and conclusions
presented here are insensitive to these variations over
the range of relaxation times investigated.

As the emphasis of this study is on NADW forma-
tion and the meridional overturning in the Atlantic, we
will only present figures for the Atlantic Ocean in the
remainder of this paper. Throughout the experiments
shown here the changes in the circulation within the
Pacific and Indian Oceans were minor.

3.2. Forcing With Atmospheric Freshwater
Fluxes

The atmosphere-to-ocean freshwater fluxes derived
from Oort’s [1983] climatology (experiment 3) and from
the ECMWF analysis (experiment 4) were used as salt
flux boundary conditions for the ocean model. The re-
sulting stream function and temperature and salt dis-
tribution in the Atlantic basin are shown in Figures 10
and 11. Both surface fluxes are consistent with NADW
formation. However, no AABW is formed in either of
the two runs thus leaving the deep ocean too warm and
too salty in the south. The resulting meridional over-
turning is stronger than in the control run (25Sv) by
about 15% in the run forced with the climatological
fluxes (30 Sv) and by about 30 % if forced with ECMWF
freshwater fluxes (33 Sv). At least part of the increased
strength of thé meridional stream function can be at-
tributed to the absence of the deep inflow of AABW (see
below). This was also observed by Yin et al. [1992]. Al-
though the freshwater export from the Atlantic drainage
basin is only about half as large in the analysis as in the
climatology, the overturning is still stronger, probably
because of stronger NADW formation due to less fresh-
water input to the Arctic Ocean.

The most dramatic change relative to the control run
occurs when the ocean model is forced with the fresh-
water fluxes as simulated with the GISS AGCM (exper-
iment 5). The strong freshwater input to the Northern
Polar Ocean (Figure 5) of 0.26Sv freshens the surface
waters to such an extent that NADW formation is shut
down and so results in a reversed meridional circula-
tion with “southern sinking” around Antarctica and up-
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Figure 10. Meridional stream function (in sverdrups), potential temperature (degrees Celsius), and salinity/(per
mil) of the model forced with freshwater fluxes from Oort [1983]; the thermohaline circulation is operational but
stronger than in the control run; no AABW is formed and thus NADW extends all the way to the bottom of the

ocean.

welling in the North Atlantic (Figure 12). To date there
is no evidence from observations that this mode of the
ocean circulation ever existed in the near past, although
it is a possible solution in many ocean models [Ma-
rotzke and Willebrand, 1991; Stocker and Wright, 1991;
Stocker et al., 1992]. It should be noted that although
the GISS AGCM has the strongest freshwater input to
the Arctic Ocean of all three atmospheric data sets, it
is only slightly higher than the freshening derived from
the ECMWF analysis. Nevertheless, this slight increase
is sufficient to shut down NADW formation. This might
be connected to the net freshwater export from the At-
lantic basin (see below), which is somewhat lower in
the GISS AGCM than in the ECMWF analysis. How-
ever, freshwater input to the northern North Atlantic
is also very high and might precondition the northward
currents, rendering the Atlantic circulation much less
stable.

4. Sensitivity Experiments

Several model runs have been performed to investi-
gate the sensitivity of the deepwater formation and the
meridional overturning rate in the ocean model. For
this purpose the atmosphere-to-ocean freshwater fluxes
were arbitrarily changed at certain latitudes. To main-
tain a global freshwater balance, opposite changes were
imposed at a location that was considered relatively
unimportant to the problem. This allows the estab-
lishment of the degree of incompatibility of the atmo-
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spheric freshwater fluxes and the ocean model’s inability
to maintain deepwater formation in both southern and
northern latitudes.

4.1. Maintenance of the Modern Circulation

In two experiments using the atmosphere-to-ocean
fluxes from Oort [1983] and ECMWF, the freshwater
input to the southernmost ocean box was continuously
decreased until AABW formation similar to the control
run was reestablished. This high-latitude change was
balanced by an area-weighted increase in freshwater in-
put over the global ocean. For the run with Oort’s
[1983] boundary condition (experiment 6) the flux to
the Southern Ocean had to be changed from +0.03 Sv
to —0.2 Sv, whereas for ECMWF boundary conditions
(experiment 7) a change from +0.21 Sv to —0.15Sv was
required.

A more serious incompatibility with the modern ocean
circulation was found when applying the freshwater
fluxes from the GISS AGCM. Rather than only chang-
ing the water mass distribution in the deep ocean, ex-
cess precipitation in the northern North Atlantic trig-
gers a polar halocline catastrophe, and the deep circula-
tion in the Atlantic reverses. To determine the amount
of additional evaporation needed, we used the boundary
conditions derived from the GISS AGCM and modified
them in the northernmost box of the Atlantic Ocean
until NADW formation was reinitiated. The freshwa-
ter input to the Arctic Ocean had to be decreased from
+0.26 Sv in the control run to +0.18 Sv. An additional
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Figure 11. Meridional stream function (in sverdrups), potential temperature (degrees Celsius), and salinity (per
mil) of the model forced with freshwater fluxes from ECMWF analysis; the meridional overturning 1s too strong
and no AABW is formed; NADW extends to the bottom.
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Figure 12. Meridional stream function (in sverdrups), potential temperature (degrees Celsius), and salinity
(per mil) of the model forced with freshwater fluxes from the GISS AGCM; the strong freshwater input to Arctic
Ocean leads to a strong stratification and no NADW formation occurs; the circulation is characterized by southern
sinking and upwelling in the Atlantic Ocean. Note the strong polar halocline in the North Atlantic.

adjustment of the flux to the Southern Ocean from
40.09Sv to —0.1 Sv was necessary to establish AABW
formation. Decreasing the northern polar ocean flux
further to +0.15 Sv achieved a circulation similar to the
control run, although with a somewhat weaker thermo-
haline circulation (experiment 8).

4.2. Influence of Vertical Diffusivity

Wright and Stocker [1992] have shown that the model
circulation is sensitive to the value of the vertical diffu-
sion coefficient K,. The value for the control run was
1 x 107*m2s~!. To ensure that the results and con-
clusions from the experiments described above are ro-
bust features and not artifacts of an unfortunate choice
of K,, we repeated experiments 1, 3, 4, and 5 with
K, =05x10"%*m?s ! and K, =2 x 10~4m?2s~!.

Generally, deepwater formation and meridional over-
turning increased with increasing K,, but the over-
all circulation pattern was not changed. Gradients in
the latitude-depth distribution of salinity and temper-
ature were somewhat smoothed out in response to the
stronger vertical mixing with increasing K, and essen-
tially the opposite holds for decreasing K,. The run
with restoring boundary conditions for both salinity and
temperature for Ky = 0.5 x 10™*m?s~! yielded a me-
ridional overturning of about 21Sv, which is probably
closer to reality than the control run of experiment 1.

The conclusions reached in the experiments above
therefore do not depend critically on the value chosen
for K, although the absolute values of the necessary
adjustments to the surface fluxes would vary slightly.

4.3. Multiple Equilibria

After spin-up of the model under restoring bound-
ary conditions for both temperature and salinity, all
further experiments were run under mixed boundary
conditions with P — E fields from various sources. Sev-
eral authors have shown before that multiple equilibria
exist under mixed boundary conditions. This is also
the case for our model. Several runs with freshwater
forcing derived from ECMWF and Oort’s [1983} work
have been made with different initial conditions to ver-
ify this behavior. When the model was spun-up from
an ocean at rest (uniform temperature and salinity dis-

tribution), the model immediately went into the mode
with southern sinking in all three basins and equilibrium
was reached within a few centuries. When the model
was spunup from an initial state that favored sinking in
the North Atlantic (ocean at rest but with a tempera-
ture minimum of 5 °C either north of the equator or in
the northernmost box), a strong overturning cell in the
North Atlantic developed. However, this cell did not ex-
tend southward of the equator and diminished quickly
since not enough high-salinity water was transported
into the source region of NADW and also because of the
counteracting influence of the developing reversed cell
in the South Atlantic. After less than 50 years NADW
formation ceased and the model approached the south-
ern sinking mode (equilibrium reached again after a few
hundred years).

We conclude that at least two stable equilibria ex-
ist under mixed boundary conditions with P — F fields
from ECMWF and Oort. Only when the initial state of
the model was close to a conveyor belt circulation was
this state stable under mixed boundary conditions. In
contrast, no such solution could be found for freshwater
forcing derived from the GISS AGCM.

4.4. Variation of the Atlantic Freshwater
Balance

The simple picture of the link between the freshwa-
ter balance of the Atlantic Ocean and the thermoha-
line circulation as presented in Figure 1 suggests that
the strength of the meridional overturning responds lin-
early to changes in the net atmospheric export of fresh-
water from the Atlantic drainage basin. In a set of
model runs we artificially changed this balance by mod-
ifying the freshwater input to the surface ocean in low
latitudes. Starting with the boundary conditions from
experiment 6 (modified climatology), freshwater was re-
moved from the tropical Atlantic and added to the trop-
ical Pacific Ocean in amounts ranging from 0 to 1.5Sv
(the steady state value in experiment 4 was 0.32Sv).
The response of the ocean model is shown in Figure 13.
NADW formation starts at a freshwater export of about
0.1Sv, and the strength of the thermohaline circulation
increases steadily with increasing freshwater loss from
the Atlantic Ocean. The sensitivity to changes in the
freshwater flux is highest at low overturning rates. The
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Figure 13. Strength of the thermohaline circula-
tion as a function of the freshwater export from the
Atlantic drainage basin.

amplification factor A, which was introduced as the ra-
tio of the strength of the conveyor belt C' and the atmo-
spheric freshwater export from the Atlantic F, decreases
almost linearly with the increase in the circulation (Fig-
ure 14):

C

A:—E-N (7

Ql -

Solving for C we find
Cc ~VE. (8)

This demonstrates clearly that the linear view im-
plied in Figure 1 is too simple. The sudden onset of
the overturning (around 0.1Sv freshwater export) and
the nonlinear behavior of the system is due to a pos-
itive feedback loop. Once the conveyor gets started it
transports high-salinity water into the region of NADW
formation, which in turn increases the density and thus
the deepwater formation rate. The exact relationship
of (8) or the point of onset of the conveyor belt in Fig-
ure 13 might be to some extent model dependent. This
will have to be decided after similar experiments with
three-dimensional models for example.

Another aspect of the Atlantic freshwater balance is
the low-salinity inflow to the Arctic Ocean from the Pa-

18 20 22 24 26 28 30 32 34 36
Atlantic freshwater loss [Sv]

Figure 14. Sensitivity of the amplification factor

defined as the ratio between maximum overturning

and Atlantic freshwater loss to changes in net fresh-
water forcing; see also Figure 1.
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cific Ocean through the Bering Strait. This inflow is on
the order of 0.8 Sv with a salinity of about 32.5%o. The
outflow into the Atlantic Ocean has a.salinity of about
34.6 %o0. The salinity anomaly of the Bering Strait flow
of about —2 % is thus equivalent to a freshwater flux of
about 0.05Sv. We included a simple parameterization
of Bering Strait through flow in our model by remov-
ing freshwater from the northernmost surface box of the
Pacific Ocean and adding it to the Arctic Ocean surface
box. The runs with P — E boundary conditions from
ECMWF and Oort [1983] were repeated with this pa-
rameterization included. The conveyor belt remained
stable for perturbation fluxes of up to 0.15Sv (3 times
the estimated Bering Strait through flow). A further
increase to 0.2Sv resulted in a transition to southern
sinking and upwelling in all three basins. The run with
GISS P — E fields yielded no conveyor belt, and the
additional freshwater flux to the Arctic Ocean would
make this situation more pronounced.

5. Discussion

The freshwater surface forcing for all three major
ocean basins is very different in the three atmospheric
data sets used in this study. They differ both in strength
and regional distribution. This is true even for the zon-
ally averaged fields (Figure 5). Both the observed and
the modeled atmospheric fluxes are very different from
the fluxes that are diagnosed from the control run of the
two-dimensional ocean model (restoring boundary con-
ditions to Levitus’ [1982] climatology). Despite these
differences, both the fluxes based on Oort’s [1983] work
and ECMWTF are able to sustain a global thermohaline
circulation similar to that observed and are stable to
perturbation by freshwater input to the Arctic Ocean
of more than 3 times the amount estimated for Bering
Strait through flow.

The net freshwater loss from the Atlantic drainage
basin is 0.13Sv for the GISS AGCM, 0.18Sv for the
ECMWF analysis, and 0.32Sv according to Oort’s cli-
matology. Our experiments have clearly shown that a
net freshwater loss from the Atlantic Ocean is necessary
but not sufficient to maintain a modern thermohaline
overturning. The strong freshwater input to the Arc-
tic Ocean produced by the GISS AGCM decreases the
salinity of the mixed layer to the extent that deep water
formation is shut down (at low temperatures the density
of sea water is much more sensitive to salinity changes
than to temperature).

The strength of the overturning in the Atlantic is re-
lated to the net freshwater export from the Atlantic
drainage basin (Figure 13). The sensitivity to changes
in the freshwater balance is greatest near the transi-
tion between the on and off mode and decreases almost
linearly with increasing meridional overturning. From
this ocean model’s results, the net freshwater export is
clearly the driving mechanism of the conveyor belt. On
the other hand, one can argue that the Atlantic Ocean
is a net evaporative basin because of the existence of the
conveyor belt and the associated SST distribution [e.g.,
Warren, 1983; Hughes and Weaver, 1993]. It should
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be noted that the strength of the conveyor belt is not
solely determined by Atlantic freshwater export and
other mechanisms also have to be considered (e.g. wind
stress curl [Toggweiler and Samuels, 1993], steric height
drop [Hughes and Weaver, 1993, north-south bouancy
contrast [Stocker et al., 1992]).

In our study the existence of a stable modern-day
circulation with sinking in the North Atlantic and the
Southern Ocean and upwelling in the North Pacific de-
pends critically on a net atmospheric freshwater ex-
port from the Atlantic drainage basin. On the con-
trary, Marotzke and Willebrand [1991] and Hughes and
Weaver [1993] found equilibrium states of their mod-
els with conveyor-beltlike circulations, even with the
Atlantic being a weakly precipitative basin. In both
studies the ocean model had been forced with idealized
boundary conditions for temperature and salinity (sym-
metric across the equator). In addition, the mode found
by Hughes and Weaver was not stable under mixed
boundary conditions, leading to strong sinking in the
North Pacific and no sinking in the North Atlantic. All
other states of Hughes and Weaver’s which were spun-
up under geometrically more realistic (nonsymrnetric)
boundary conditions exhibit net evaporation over the
Atlantic drainage basin and a modern-day thermoha-
line circulation.

The transition between the “conveyor on” and “con-
veyor oft” mode is very sharp. If operating close to
the transition, a change in freshwater input to the Arc-
tic Ocean of 0.01Sv is sufficient to shut down deep-
water formation. A similar sensitivity of the thermo-
haline circulation to changes in freshwater forcing in
this region has been demonstrated previously in two-
and three-dimensional models [e.g., Mikolajewicz and
Maier-Reimer, 1990; Stocker and Wright, 1991]. This
sensitivity is due to the positive feedback supplying
saline waters from low latitudes to the source region
of deepwater formation when the overturning is opera-
tional [Bryan, 1986)]. It is clear that the exact position
where this switch occurs might very well be model de-
pendent or even depend on other climatic variables.

AABW formation is also determined by the fresh-
water input to the source region, but because of the
missing feedback mechanism the response to changes in
the surface fluxes is much more linear. Unlike in the At-
lantic, where a direct path of surface waters exists from
the low latitudes where the saline waters are formed
by excess evaporation to high latitudes, the Southern
Ocean provides a barrier to such a direct connection to
the lower latitudes. Surface waters flowing southward
and exiting from the three basins are mixed zonally, and
hence salinity anomalies coming from the Atlantic are
diluted before they can reach the areas where AABW is
formed in the model. None of the three data sets is com-
patible with the fluxes required by the ocean model to
maintain realistic AABW. The ocean model requires a
fairly strong export of freshwater from this region of the
order of 0.15Sv. While water mass formation is crudely
represented in the present model, one should also note
that data coverage in this area is poor at best. The at-
mospheric freshwater input might be much smaller than
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presented above. It seems unlikely, however, that the
atmosphere is able to account for a net export, as the
general meridional circulation is transporting moisture
from low latitudes toward the poles. This suggests two
other mechanisms: (1) freshwater could be exported
from the Southern Ocean by advection of sea ice, or
(2) seasonal and regional processes like brine release by
sea ice formation must be invoked to explain AABW
formation.

In the control run for this study the southernmost
boxes were relaxed to the salinity typically observed
in newly formed AABW (34.6 %o) rather than to the
SSS given by Levitus [1982] (34.0 %o¢). This is equiva-
lent to a reduced freshwater input to this area of about
0.013Sv. The surface flux adjustments to the atmo-
spheric observations in this region (0.2-0.3Sv) are more
than 10 times higher than the flux change implied by
the 0.6 %o change in salinity and are of the order of or
larger than the net atmospheric transport between the
Atlantic and Pacific basins (0.1-0.3Sv). We must con-
clude that the freshwater input to the Southern Ocean
as calculated from the observations is not compatible
with this ocean model. As the observational database
1s poor in this region, it can not be decided if this is a
problem of the ocean model or a problem of the atmo-
spheric data.

Thus we have demonstrated that both the existence
and the strength of the thermohaline circulation depend
critically on the atmospheric freshwater fluxes to the po-
lar oceans and that the thermohaline circulation is fairly
insensitive to the latitudinal structure of the forcing in
low latitudes. To collect observations of the required
accuracy over these large regions in order to verify at-
mospheric models and improve our understanding of
deepwater formation processes is most certainly a big
challenge. The discrepancy between atmospheric and
oceanic estimates of the P — F fields is an important
issue for coupled modeling studies.
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