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ABSTRACT

Responses of global ocean circulation and temperature to freshwater runo! from major rivers were
studied by blocking regional runo! in the global ocean general circulation model (OGCM) developed at the
Massachusetts Institute of Technology. Runo! into the tropical Atlantic, the western North Pacific, and the
Bay of Bengal and northern Arabian Sea were selectively blocked. The blocking of river runo! first resulted
in a salinity increase near the river mouths (2 practical salinity units). The saltier and, therefore, denser
water was then transported to higher latitudes in the North Atlantic, North Pacific, and southern Indian
Ocean by the mean currents. The subsequent density contrasts between northern and southern hemispheric
oceans resulted in changes in major ocean currents. These anomalous ocean currents lead to significant
temperature changes (1!C –2!C) by the resulting anomalous heat transports. The current and temperature
anomalies created by the blocked river runo! propagated from one ocean basin to others via coastal and
equatorial Kelvin waves. This study suggests that river runo! may be playing an important role in oceanic
salinity, temperature, and circulations; and that partially or fully blocking major rivers to divert freshwater
for societal purposes might significantly change ocean salinity, circulations, temperature, and atmospheric
climate. Further studies are necessary to assess the role of river runo! in the coupled atmosphere-ocean
system.
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1. Introduction

Observations (Feng et al., 2000; Anderson et al.,
1996) and model simulations (Schneider and Barnett,
1995; Anderson et al., 1996; Huang and Mehta, 2004,
2005; Huang et al., 2005) suggest that net freshwater
input into the oceans may be as important as surface
heat flux in contributing to the buoyancy of the upper
oceans at seasonal and interannual timescales. There
are three types of net freshwater input to the oceans:
net atmospheric freshwater (evaporation minus pre-
cipitation; EmP), melting sea-ice, and river runo!.
Changes in these net freshwater inputs to the oceans
can change salinity and, therefore, density of seawater.
Changes in density, in turn, can change ocean circu-
lations that can eventually change heat transport and

temperature.
Most studies have focused on the role of freshwater

in the changes of the Atlantic thermohaline circulation
or meridional overturning circulation (MOC; Weaver
et al., 1993; Rahmstorf, 1996; Delworth and Great-
batch, 2000; Seidov and Haupt, 2003), although the
role of freshwater in the MOC is still under debate
(Nilsson et al., 2003; Mohammad and Nilsson, 2004).
Sea-ice melting and fresh water export from the Arc-
tic Ocean to the North Atlantic Ocean were recognized
to play an important role in the MOC (Weijer et al.,
2001; Komuro and Hasumi, 2003; Ottera et al., 2003).
Little attention has been paid to the influence of river
runo! on currents and temperature. River discharge
can induce a return flow that is much larger than the
river flow (Huang, 1993), which may subsequently have
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a large influence on ocean currents and temperature
changes (Carton, 1991). Recent studies (Huang and
Mehta, 2004, 2005; Fedorov et al., 2004; Huang et al.,
2005) suggest that thermocline circulations, especially
western boundary currents, and temperatures could be
significantly a!ected by changes in EmP at interannual
to decadal timescales.

Based on our and other earlier-cited research on
the response of ocean circulations and temperature to
EmP, we hypothesized that freshwater input to the
oceans by rivers can significantly modify the density
of seawater near river mouths, which can then mod-
ify salt transport and consequently change circulation
and heat transport. We tested our hypothesis by con-
ducting several, 500-year long experiments with the
global ocean general circulation model (OGCM) de-
veloped at the Massachusetts Institute of Technology
(MIT). We show that there are significant influences
of runo! from major rivers on ocean salinity, circula-
tion, and temperature. We describe the OGCM, river
runo! data, and experimental design in section 2. The
responses of the oceans to the blocking of the Ama-
zon River are described in section 3. The impacts of
blocking runo! from East and South Asian rivers are
described in sections 4 and 5, respectively. The results
are summarized and discussed in section 6.

2. The MIT OGCM, river runo! data, and
experimental design

The MIT OGCM (Marshall et al., 1997; Huang
and Mehta, 2004) was used in the present study. The
model domain is global from 80"S to 90"N, with re-
alistic topography. The latitudinal resolution is 0.4"
near the equator, linearly increasing to a resolution of
2" poleward of 20" in each hemisphere. The longitudi-
nal resolution is 2". There are 30 levels in the vertical
with a resolution of 10 m between the ocean surface
and 50-m depth, 25 m between 50- and 200-m depth,
50 m between 200- and 400-m depth, and 50–500 m
below 400-m depth. Mesoscale eddies are parameter-
ized by the K-profile parameterization KPP (Large et
al., 1994).

Long-term mean monthly runo! from world rivers
from Dai and Trenberth (2002) was used in this study.
The globally-integrated, annually-averaged freshwater
flux from world rivers is approximately 1.25 Sv (1
Sv=106 m3 s#1), with a minimum of 0.95 Sv in De-
cember, and a maximum of 1.85 Sv in June (Fig. 1).
The runo! from each river in the OGCM is evenly dis-
tributed within a box of 50 m in depth and 300 km
in the horizontal plane near the river mouth. This is
to prevent the model from “crashing” due to dramatic
salinity changes in the initial model spinup. The river

Fig. 1. Globally integrated river runo!. The annually
averaged runo! is 1.25, 0.74, 0.31, and 0.14 Sv, respec-
tively, in global, Atlantic, Pacific, and Indian Oceans.

runo! into the ocean is parameterized as a virtual
salinity input that acts much like EmP in the model.
The heat and momentum associated with runo! are
not added to the model oceans.

The OGCM was “spun up” for 400 years from a
motionless, initial state of annually-averaged temper-
ature and salinity climatology. During the spinup, the
model top-layer salinity was forced by monthly river
runo!, precipitation (Hu!man et al., 1997), and evap-
oration (Chou et al., 1997) between 50"S and 60"N.
Poleward of 50"S and 60"N, the model top-layer salin-
ity was relaxed to the observed sea surface salinity
(SSS) due to a lack of EmP estimates based on ob-
servations [see Huang and Mehta (2004) for more de-
tails]. The model top-layer temperature was forced
by a mixed boundary condition, which consisted of
a monthly net heat flux from da Silva et al. (1994)
and “relaxation” to monthly, climatological sea sur-
face temperature (SST) with a 10-day relaxation time
(50 W m#2 K#1). There is no sea-ice in our version of
the MIT OGCM, and the minimum ocean temperature
was specified at !2"C. Monthly wind stress climatol-
ogy from Hellerman and Rosenstein (1983) was used,
which enabled a more realistic North Equatorial Coun-
tercurrent (NECC) simulation. In the spun-up state
of the OGCM, the MOC was approximately 22 Sv in
the North Atlantic and the Indonesian Throughflow
(ITF) was approximately 20 Sv, which are compara-
ble to other OGCM or coupled model simulations cited
in section 1.

To test our hypothesis, we first designed a control
(CTL) experiment that was conducted with all clima-
tological forcings as used during the spinup. A pertur-
bation experiment (AMZ) was designed by blocking
the Amazon River because it has the largest runo!
(Table 1) of all rivers. AMZ was conducted with the
same forcings as in CTL except that the runo! from
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Table 1. Experiments forced by blocking major river runo!. Indonseian Throughflow (ITF) changes in each experiment
by year 500 are also listed. Negative ITF anomalies indicate stronger southward ITF.

Exp Blocked annual discharge Blocked discharge location Annual ITF anomaly
(Sv) (Sv)

CTL No blocking – –
AMZ 0.28 Amazon region 5!S–5!N !5.2
CSV Same as AMZ Amazon region 5!S–5!N !3.3
PAC 0.07 East Asia 15!–40!N 0.3
IND 0.09, 0.23 (Aug), 0.02 (Jan) South Asia 10!–30!N !0.3

the Amazon River was completely blocked. The com-
plete blocking of river runo!, however, assumes that
the blocked freshwater was somehow removed from the
Earth-atmosphere system. To evaluate the e!ect of
freshwater conservation while still completely block-
ing the Amazon River, we designed another experi-
ment (CSV) in which the freshwater due to blocking
the Amazon was “precipitated” over the world oceans
so that the total freshwater input into the oceans was
conserved. The additional precipitation was geograph-
ically and seasonally weighted according to the clima-
tological precipitation pattern. To assess the runo! ef-
fects of other major rivers on the world oceans, two ad-
ditional experiments were designed in which the runo!
from the East Asian rivers into the western Pacific

(PAC), and from the South Asia rivers into the Indian
Ocean (IND) was completely blocked. Details of these
experiments are listed in Table 1.

After the initial 400 years spinup period, all ex-
periments were run for additional 500 years. Ocean
salinity, currents, and temperature were in quasi-
equilibrium in the upper oceans at the ends of these
experiments. Averaged di!erences in the last 30 years
from year 471 to 500 between the five perturbation ex-
periments and CTL are referred to as anomalies here
except where specified otherwise. The last 30 years av-
erage was used to remove possible small-amplitude os-
cillations. The statistical significance of salinity, tem-
perature, and current anomalies was tested using the
two-sided student-t method (von Storch and Zwiers,

Fig. 2. (a) Zonally-averaged salinity anomaly between AMZ and CTL in the Atlantic. Zonally-
averaged temperature anomaly between AMZ and CTL in (b) Atlantic, (c) Pacific, and (d) Indian
Oceans. Contour interval is 0.1 psu in (a), and 0.5!C in (b)–(d). Negative values are dashed.
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1999). The equivalent number of independent samples
was estimated from auto-correlations of anomaly time
series at various lags. Only statistically significant re-
sults are presented in the following sections.

3. Impacts of the Amazon River runo!

3.1 Salinity, circulation, and temperature
changes in the Atlantic

In experiment AMZ, the runo! from the Amazon
region (0.3 Sv; Table 1) was completely blocked. Be-
cause of the blocking, zonally-averaged salinity (Fig.
2a) increased by 0.3–0.5 practical salinity units (psu)
in the North Atlantic above 1000 m and 0.1–0.3 psu
in the Atlantic below 2000 m. It decreased by 0.1–
0.3 psu in the South Atlantic above 500 m. Salinity
changes were largely confined near the ocean surface in
the western, mainly tropical, North Atlantic (Fig. 3a),
where salinity increased by 1.5 psu between the ocean
surface and 50 m. The reason for these changes in the
North Atlantic was that the saltier water created by
blocking the Amazon was transported northward by
the Guiana Current and the Gulf Stream. The saltier
water was then transported downward by the mean
MOC in the extratropical North Atlantic (Fig. 2a).

Zonally-averaged temperature (Fig. 2b) increased
by approximately 0.5"C in the North Atlantic below
500 m and in the South Atlantic below 2500 m, and
decreased by 0.5"C–1.5"C in the South Atlantic above
1000 m. To understand horizontal structures of tem-
perature and current anomalies, we selected their ver-
tical average between 250 m and 500 m (Figs. 3b
and 3c), where zonally-averaged temperature anoma-
lies were large. The structures of these anomalies at
other depths (not shown) were similar except for dif-
ferent magnitudes. Temperatures between 250 m and
500 m (Fig. 3b) increased by approximately 0.5"C
north of 15"N except near the east coasts of North
America and northern South America where tempera-
ture decreased by 0.5"C–2"C. Temperature decreased
by 1"C–1.5"C in the tropical North Atlantic and South
Atlantic between 10"N and 40"S.

It is very interesting to note in Figs. 3b and 3c
that temperature changes were clearly associated with
changes in ocean currents. The Guiana Current (Fig.
3c) strengthened along the east coasts of Venezuela
and northern Brazil. The Gulf Stream strengthened
(weakened) o! (along) the eastern coast of North
America, which is clear in the heat flux anomaly in
Fig. 4c. To assess the role of ocean currents in tem-
perature changes, we decomposed total (local) tem-
perature change into longitudinal, latitudinal and ver-
tical advection, and vertical mixing. The temperature
change due to horizontal mixing was relatively small

and therefore was ignored in our analysis. The various
terms in the temperature change equation were aver-
aged from year 1 to year 500 so that anomalous local
heat budgets (Fig. 4a) were in a good agreement with
temperature anomalies between AMZ and CTL (Fig.
3b).

This diagnostic calculation indicated that the cool-
ing near the east coast of North America (Fig. 4a)
was largely associated with anomalous cold advection
by eastward anomalous currents (Fig. 4b), and partly
associated with anomalous cold advection by south-
ward anomalous currents near the North American
coast (Fig. 4c). These anomalous cold advections are
consistent with the changes in the Gulf Stream (Fig.
3c). The cooling near the east coast of northern South
America was associated with anomalous cold advec-
tion by a northward anomalous current (Fig. 4c). The
cooling near the east coast of southern South America
was associated with anomalous cold advection by both
eastward (Fig. 4b) and upward (Fig. 4d) anomalous
currents. On the other hand, in the central North At-
lantic, anomalous northward currents associated with
a stronger Gulf Stream generated anomalous warming
(Fig. 4c). In contrast, in the central South Atlantic,
anomalous northward currents generated anomalous
cooling (Fig. 4c).

Our analyses indicated that anomalous temper-
ature advection resulted from the combination of
anomalous currents and climatological temperature
gradients. The average temperature between 250 m
and 500 m in CTL was shown in Fig. 3c, whose spa-
tial structure was similar to the Levitus et al. (1994)
climatology although the average temperature was ap-
proximately 1"C–2"C higher than observed climatol-
ogy (Huang and Mehta, 2005). The zonal gradient
of average temperature was positive west of the Gulf
Stream axis (Fig. 3c). As the Gulf Stream strength-
ened, the eastward current strengthened as shown in
Fig. 3c. It was the combination of the anomalous
eastward current and the positive zonal gradient of
average temperature that generated the cooling in the
Gulf Stream region. Also, the combination of south-
ward anomalous current and positive meridional gra-
dient of average temperature resulted in the cooling
near the coast. In the coastal region of the Guiana
Current, the meridional gradient of average temper-
ature was positive (Fig. 3c). As the Guiana Current
strengthened, its northward components strengthened.
The combination of northward anomalous current and
positive meridional gradient of climatological temper-
ature generated the cooling.

These changes in ocean currents, in turn, directly
resulted from the changes in salinity and density due
to the blocked Amazon River runo!. The strengthen-
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Fig. 3. (a) Salinity anomaly from 0 m to 50 m between AMZ and CTL;
contours are ±0.2, ±0.5, ±1, and ±1.5 psu. (b) Temperature anomaly
from 250 m to 500 m; contour intervals are 0.5!C. (c) Current anoma-
lies (vectors in 1 cm s#1) and average temperature in CTL (shaded, !C)
between 250 m and 500 m. Only vectors larger than 0.05 cm s#1 were
plotted. Propagations of Kelvin waves are indicated by thick arrows
starting from the Amazon region in (a).

ing of the Gulf Stream and the Guiana Current due to
the blocked Amazon River runo! were associated with
the strengthening of the Atlantic MOC (see Fig. 9)
and the global “conveyor-belt” circulation (Broecker,
1991). The current and temperature changes in the
Atlantic arising from the blockage of the Amazon River
were largely consistent with the results of Ottera et al.
(2003) who studied e!ects of freshwater flux from the
Arctic.

3.2 Circulation and temperature changes in
the Indo-Pacific Oceans

Our results show that the blocking of the Amazon
River runo! can cause changes in currents and tem-
perature not only in the Atlantic but also in the Indo-

Pacific Oceans due to changes in the Agulhas Current,
ITF, South Equatorial Current (SEC), and Equatorial
Undercurrent (EUC) (Figs. 3b and 3c). The Agulhas
Current strengthened (Fig. 3c), the EUC weakened
in the Pacific between 250 m and 500 m (Fig. 3c),
and the SEC strengthened in the Indian Ocean (Fig.
3c) and in the Pacific near the surface (not shown).
The ITF increased by approximately 5.2 Sv (Table 1)
due to blocking the runo! from the Amazon River into
the Atlantic Ocean. An anomalous anti-cyclonic gyre
was generated in the North Pacific, which might be
associated with anomalous upwelling due to stronger
conveyor-belt circulation (Broecker, 1991). The sub-
tropical gyre in the South Pacific was also strength-
ened.
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Fig. 4. Average (1–500 year) heat budget anomaly in the Atlantic between AMZ and CTL for
(a) local temperature tendency, (b) zonal, (c) meridional, and (d) vertical temperature advection
between 250 m and 500 m. Contours are 0, ±0.5, ±1, and ±2 in (a), and ±20, ±100, and ±500 in
(b)–(d) (Units: 10#10 K s#1). A five-point filter was applied during plotting.

These changes in ocean currents resulted in
changes in heat transport and temperature in the Indo-
Pacific Oceans. The temperature in the tropical and
subtropical Indo-Pacific Oceans (Figs. 2c, 2d, and 3b)
decreased by 0.5"C–1"C. The cooling in the subtrop-
ical Pacific was associated with enhanced cold advec-
tion due to anomalous equatorward currents in the
interior subtropical North and South Pacific. The
cooling in the tropical Pacific was associated with de-
creased warm advection due to a weaker EUC and with
increased cold advection due to stronger SECs near
the ocean surface. In the Indian Ocean, the cooling
was largely associated with a stronger ITF and lower
temperature in the tropical Pacific (Fig. 3c). Salin-
ity in the upper 50 m of the Indo-Pacific Oceans (Fig.
3a) did not change very much except in the northern
North Pacific where anomalous currents were large.
The reason is that the anomalous currents did not gen-
erate large salt transport due to weaker climatological
salinity gradients along the major currents (Huang and
Mehta, 2005).

How did anomalous currents and temperature sig-
nals propagate from the Atlantic to the Indian and
Pacific Oceans? Analyses indicated that transient

anomalies of currents and temperature due to block-
ing the Amazon runo! first propagated eastward along
the equator in the Atlantic and then southward along
the west coast of southern Africa. After going around
the Cape of Good Hope, the anomalies subsequently
propagated northward along the east coast of southern
Africa and eastward in the Indian Ocean after reach-
ing the equator. These anomalies finally went through
the Indonesian passages and propagated eastward in
the equatorial Pacific after year 60 of the experiment,
which was consistent with the estimate by Cessi et al.
(2003). The propagation pathway was clearly indi-
cated by large current anomalies (Fig. 3c) as shown
schematically in Fig. 3a.

The eastward propagation pathway from the In-
dian Ocean to the Pacific Ocean in the AMZ experi-
ment was similar to that due to changes in wind stress
according to observations by Clarke and Liu (1993).
The propagation direction of temperature and current
anomalies was opposite to that of average SECs, the
Benguela Current, the Agulhas Current, and the ITF.
This indicated that these anomalies did not propagate
via mean ocean advection, although the time-mean
EUCs in the Atlantic and Pacific may have increased
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in eastward propagation speed. The propagation was
clearly associated with equatorial and coastal Kelvin
waves, as indicated in Cessi et al. (2003) and Huang et
al. (2005). The e!ect of the propagation of these waves
was first to change ocean currents and then tempera-
ture by anomalous heat advection. Rossby waves are
triggered as the equatorial Kelvin waves reached the
west coast of Africa, the Indonesian passages and west
coast of Australia, and the west coast of South Amer-
ica, as observed by Wij!els and Meyers (2004). Simi-
lar interactions between ocean basins via Kelvin waves
were also shown by Johnson and Marshall (2004).

3.3 Redistribution of blocked Amazon River
runo! as precipitation

Experiment AMZ in subsections 3.1 and 3.2 shows
that the blocking of the Amazon River lead to changes
in circulation and temperature in the Atlantic and
Indo-Pacific Oceans. In AMZ, however, the total fresh-
water input into the oceans was not conserved. To
test whether simulated changes of salinity, temper-
ature, and circulation in AMZ were sensitive to the
conservation of total freshwater input into the oceans,
we designed experiment CSV. In CSV, the freshwater
runo! into the Atlantic from the rivers in the Amazon

region (0.3 Sv; Table 1) was blocked as in AMZ. The
equivalent amount of blocked freshwater was, however,
“precipitated” over the world oceans, weighted accord-
ing to monthly climatological precipitation.

Experiment CSV (not shown) indicated that zonal-
average salinity anomalies near the ocean surface in
the Atlantic were only slightly weaker than those in
AMZ, as shown in Figs. 2a and 3a. The reason is
that the freshwater precipitated into the Atlantic was
relatively small compared to the reduction of fresh-
water runo! due to blocking the Amazon River. In
the Indo-Pacific Oceans, zonally-averaged salinity de-
creased due to increased freshwater from additional
precipitation. Temperature anomalies in CSV were
slightly stronger in the higher latitudes, and slightly
weaker in the lower latitudes than those in AMZ,
as shown in Figs. 2c, 2d, and 3b. The anoma-
lous anticyclonic flow became slightly stronger in CSV
than in AMZ (Figs. 2b and 2c) in the higher lati-
tudes of the North Pacific and South Pacific. These
changes were associated with the local input of the
excess “precipitation” in the Pacific, according to the
Stommel-Goldsbrough circulation hypothesis (Golds-
brough, 1933; Stommel, 1984; Huang, 1993; Huang
and Mehta, 2005; Huang et al., 2005). The CSV ex-

Fig. 5. (a) Zonally-averaged salinity anomaly between PAC and CTL in the Pacific. Zonally-
averaged temperature anomaly between PAC and CTL in the (b) Pacific, (c) Indian Ocean, and (d)
Atlantic. Contours are 0, ±0.05, ±0.1, and ±0.2 psu in (a), and 0, ±0.1!C, ±0.2!C, and ±0.5!C
in (b)–(d).
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Fig. 6. Same as in Fig. 3 except for anomalies between PAC and CTL. Con-
tours are ±0.1, ±0.2, ±0.5, ±1, and ±1.5 psu in (a), and 0, ±0.1!C, ±0.2!C,
and ±0.5!C in (b).

periment showed that the salient features in AMZ were
not very sensitive to the conservation of total freshwa-
ter input into the oceans. Therefore, to isolate the
e!ect of river runo!, we conducted more experiments
to address the impacts of blocked runo! from the East
Asian rivers and South Asian rivers without consider-
ing total freshwater conservation.

4. Impacts of blocking East Asian rivers

When the freshwater runo! from East Asian rivers
(0.07 Sv, largely from the Yangtze River; Table 1) was
blocked from the Pacific in experiment PAC, the saltier

water was transported to the North Pacific. Zonally-
averaged salinity (Fig. 5a) increased by approximately
0.1–0.2 psu in the North Pacific. The salinity increase
was largely near the ocean surface and near the east
coast of East Asia (Fig. 6a). The saltier water in
the North Pacific “spun down” the subtropical gyre,
strengthened the SEC, and weakened the EUC, ac-
cording to the study of Huang and Mehta (2005) and
Huang et al. (2005). Due to changes in ocean currents,
zonally-averaged temperature (Fig. 5b) increased by
0.2"C –0.5"C north of 10"N, and decreased by 0.1"C–
0.2"C between 50"S and 10"N above 1500 m. The tem-
perature between 250 m and 500 m (Fig. 6b) increased
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by 0.2"C–0.5"C in the central North Pacific, and de-
creased by 0.2"C–0.5"C in the tropical and South Pa-
cific between 10"N and 40"S.

Further temperature budget analyses indicated
that the warming in the central North Pacific (Fig.
6b) was associated with anomalous warm advection
by northeastward anomalous currents (Fig. 6c). The
northeastward anomalous currents in the North Pa-
cific were associated with a cyclonic gyre circulation
and spin-down of the subtropical gyre according to
Huang and Mehta (2005) and Huang et al. (2005). The
cooling near the east coast of East Asia resulted from
anomalous cold advection. This anomalous cold ad-
vection resulted partly from a southward anomalous
current (Fig. 6c) east of Japan, and partly from a
stronger zonal component of the Kuroshio combined
with a positive zonal gradient of average temperature
(refer to Fig. 3c). The changes in the western bound-
ary currents and temperature near the east coast of
Asia are very similar to those in the Atlantic in ex-
periment AMZ (section 3.1). The cooling in the trop-
ical Pacific resulted from stronger cold advection due
to a stronger SEC near the ocean surface, a weaker
EUC, and stronger upwelling in the tropical Pacific
(not shown). The stronger upwelling in the tropical
Pacific was associated with stronger sinking motion in
the North Pacific due to higher salinity (and therefore
denser) water by blocking East Asian rivers, as pro-
posed by Nof (2001). The cooling in the subtropical
South Pacific was clearly associated with anomalous
cold advection by northwestward anomalous currents
(Fig. 6c). The warming in the Southern Ocean, how-
ever, was associated with stronger vertical mixing (not
shown).

Our results show that blockage of the eastern Asian
rivers into the Pacific can result in changes in tempera-
ture and circulation in the Indian and Atlantic Oceans.
The tropical Indian Ocean cooled 0.1"C –0.2"C (Figs.
5c and 6b) in PAC compared to CTL. The SEC, the
ITF, and the Agulhas Current became weaker (Fig.
6c) due to a weaker density contrast between the At-
lantic and Indo-Pacific Oceans. Detailed temperature
budget analyses indicated that the cooling in the south
Indian Ocean was associated with anomalous cold ad-
vection by a weaker Agulhas Current and anomalous
northwestward interior flow. The cooling in the In-
dian Ocean was partly canceled by the warming prop-
agated from the tropical western Pacific by the mean
ITF and westward propagating Rossby waves from the
Indonesian passages as indicated by Wij!els and Mey-
ers (2004).

Temperature and current anomalies in the Atlantic
were weaker (Figs. 5d, 6b, and 6c) due to the smaller
freshwater runo! from East Asian rivers in PAC. The

temperature between 250 m and 500 m decreased by
0.1"C –0.2"C in the eastern Atlantic between 20"S and
45"N (Figs. 5d and 6b). The weakening of the western
boundary currents was barely noticeable.

5. Impacts of blocking South Asian rivers

Experiment IND was designed to study impacts of
blocking the runo! from South Asian rivers (0.1 Sv
annual average flow; Table 1) into the Arabian Sea

Fig. 7. (a) Zonally-averaged salinity anomaly in the In-
dian Ocean. Temperature anomalies in (b) Indian Ocean
and (c) Pacific Ocean between IND and CTL. Contours
are 0, 0.05, 0.1, and 0.2 psu in (a), and 0, ±0.1!C,
±0.2!C, and ±0.5!C in (b) and (c).
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Fig. 8. Same as Fig. 3 except for anomalies between IND and CTL. Contours
are ±0.1, ±0.2, ±0.5, ±1, ±1.5, and ±2 psu in (a), and 0, ±0.1!C, ±0.2!C,
and ±0.5!C in (b).

and the Bay of Bengal. Due to a strong seasonal vari-
ability in river runo! in this region (Table 1), ocean
current and temperature anomalies had strong sea-
sonal variability in the north Indian Ocean, but their
patterns (not shown) were similar to the annual aver-
age. Seasonal variabilities of anomalous currents and
temperature due to blocking South Asian rivers were
weaker in the Pacific and Atlantic Oceans. There-
fore, only anomalies in annual averages were analyzed.
IND showed that zonally-averaged salinity (Fig. 7a)
increased by 0.1–0.2 psu in the north Indian Ocean
above 500 m, and by approximately 0.1 psu between
50"S and 20"S above 1500 m. Salinity anomalies near
the surface increased by 0.2–2 psu, but were confined
largely within the Bay of Bengal (Fig. 8a). The salin-
ity change in the south Indian Ocean was largely asso-
ciated with an anomalous salinity “tongue” stretching
from the Bay of Bengal and along the SEC.

Zonally-averaged temperature (Fig. 7b) increased
by 0.1"C–0.2"C in IND between 200 and 2500 m in the
south Indian Ocean and between 100 m and 800 m in
the north Indian Ocean. Analysis showed that the
warming north of 30"S was associated with anoma-
lous warm advection due to the combined e!ects of
a northward anomalous current (not shown) and the

negative meridional gradient of average temperature
(Fig. 3c). The warming south of 30"S near 1000 m
was largely associated with stronger vertical mixing,
which resulted from stronger vertical stratification of
temperature due to stronger upwelling to compensate
the sinking in the north Indian Ocean.

The warming was relatively deeper and stronger
(not shown) in the Arabian Sea than in the Bay of
Bengal in IND. Analyses showed that the penetra-
tion depth of temperature anomalies might be asso-
ciated with the direction of average vertical velocity.
In the Arabian Sea, average vertical velocity in the
MIT OGCM was downward above 500 m because the
seawater was saltier from large evaporation; therefore,
the warming due to blocking the freshwater runo! into
the Arabian Sea was able to penetrate to deeper levels.
In contrast, in the Bay of Bengal, the average vertical
velocity was upward due to relatively fresher seawater
compared to the Arabian Sea, which may have pre-
vented the warming from penetrating to deeper levels.

Our results show that the impacts of blocking
freshwater runo! from South Asian rivers can prop-
agate to the Pacific (Fig. 8b), which resulted in a
weaker temperature anomaly of 0.1"C–0.2"C in the
tropical Pacific between 10"S and 20"N, in the North
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Pacific between 30"N and 50"N, and in the Southern
Ocean. The temperature changes in the Atlantic were
very small.

6. Summary and discussions

Our experiments with the MIT OGCM showed
that salinity, currents, and temperature were very sen-
sitive to freshwater runo! from rivers in several regions
of the world. Salinity anomalies due to blocking major
runo! were as large as 2 psu. The salinity anomalies
were largely confined to coastal regions near the ocean
surface, but were dispersed by ocean circulations, espe-
cially in the Atlantic Ocean. Changes in salinity and
therefore density modified the strengths of the Gulf
Stream, the Guiana Current, the Kuroshio, the SECs,
and the EUCs. The changes in these currents resulted
in changes in heat transport and therefore tempera-
ture. Temperature anomalies were as large as 1"C –
2"C in the upper oceans, particularly near the east
coasts of continents.

The experiments showed that temperature and
current anomalies were generated in the Indo-Pacific
Oceans by blocking the freshwater runo! from the
Amazon River. The propagation of these current
and temperature anomalies was caused by coastal and
equatorial Kelvin waves. Additional experiments that
blocked the Mississippi and Congo Rivers (not shown)
generated similar structures but with smaller magni-
tudes of anomalous temperature and currents in the
Atlantic and Indo-Pacific Oceans. This suggests that
the oceanic response to the river runo! was not very
sensitive to the location of the river as long as it was
located within the same ocean basin.

Similarly, withholding freshwater by blocking the
river runo! from the Yangtze River into the Pacific
could generate temperature and currents anomalies in
the Pacific, Indian and Atlantic Oceans, although the
anomalies were weaker in the Atlantic. Also, blocking
freshwater runo! into the Arabian Sea and the Bay of
Bengal could generate anomalous ocean currents and
temperature anomalies in the Indian, Pacific, and At-
lantic Oceans, although these anomalies were weaker
in the Pacific and Atlantic. The results suggest that
there can be significant communication among ocean
basins via coastal and equatorial Kelvin waves gener-
ated due to blocking river runo!.

The basin-scale circulation changes due to block-
ing freshwater runo! from major rivers were consis-
tent with the hypothetical ocean conveyor-belt circu-
lation (Broecker, 1991), which is believed to be driven
largely by density di!erences between the Atlantic
and the Indo-Pacific Oceans. When the density of
the upper Atlantic Ocean increased due to blocking

river runo! into the Atlantic, both the Atlantic MOC
(Fig. 9) and the ITF (Table 1) strengthened. The
MOC increased by approximately 8 and 6 Sv, respec-
tively, in the AMZ and CSV experiments. The ITF
increased by approximately 5.2, 3.3, and 0.3 Sv in the
AMZ, CSV, and IND experiments, respectively. The
changes in MOC and ITF indicated the e!ects of river
runo! in global conveyor-belt circulation as proposed
by Broecker (1991). In contrast, when the density of
the upper Pacific Ocean increased due to blocking the
river runo! into the Pacific, both the Atlantic MOC
(not shown) and ITF (Table 1) weakened slightly.

In order to study the impacts of blocking runo!
from all regions simultaneously, we conducted an addi-
tional experiment by blocking all the world’s rivers. In
this experiment (ALL, not shown), the Atlantic MOC
increased by approximately 18 Sv. This is approxi-
mately twice the size of the e!ect from blocking the
river runo! of the Amazon region alone (8 Sv, Fig. 9).
The e!ect of blocking all the major rivers on increas-
ing MOC was qualitatively consistent with several pre-
vious studies (see for example, Weaver et al., 1993;
Rahmstorf, 1996). Another experiment of blocking of
all major rivers from Asia into the Pacific Ocean indi-
cated (not shown) that a meridional overturning cir-
culation of larger than 5 Sv could be generated in the
Pacific and the temperature can decrease significantly
in the upper tropical Pacific Ocean. This suggests the
importance of river runo! in correctly simulating the
temperature and circulation in the Pacific Ocean.

Since the changes in ocean currents and tempera-
ture due to blocking river runo!s involved interactions
among the oceans and adjustment of the MOC, the
results from 500 years simulation may not fully rep-
resent the final changes in ocean equilibrium states,
particularly in the deep oceans. We think, however,
that changes in the upper 1000 m had already reached
quasi-equilibrium states, although the Atlantic MOC

Fig. 9. Maximum MOC (Sv) in the Atlantic in CTL,
AMZ, and CSV.
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Fig. 10. (a) Salinity anomaly averaged from 0 m to 50 m,
and (b) temperature anomaly averaged from 250 m to 500 m
between AMZ and CTL. Five regions are located in the Gulf
Stream (33!–37!N, 77!–73!W), the North Atlantic (33!–37!N,
43!–37!W), the equatorial Atlantic (4!S–4!N, 23!–17!W), the
equatorial Indian Ocean (4!S–4!N, 67!–73!E), and the equato-
rial Pacific (4!S–4!N, 163!–157!W).

exhibited a weak oscillation at a period of approxi-
mately 30 years (Fig. 9). The quasi-equilibrium state
can also be seen, for example, in the averaged salin-
ity (0–50 m; Fig. 10a) and temperatures (250–500 m;
Fig. 10b) in experiment AMZ in five di!erent regions.
The five regions were chosen in the Gulf Stream re-
gion (33"–37"N, 77"–73"W), the North Atlantic (33"–
37"N, 43"–37"W), the equatorial Atlantic (4"S–4"N,
23"–17"W), the equatorial Indian Ocean (4"S–4"N,
67"–73"E), and the equatorial Pacific (4"S–4"N, 163"–
157"W). These regions are located either within the
pathways of coastal and equatorial Kelvin waves or in
the central Atlantic where the oceans need relatively
longer times to reach the equilibrium states. As shown
in Fig. 10, salinity and temperature anomalies reached
relatively steady states in most regions of the upper
oceans by year 500.

It is important to note that model SST in our ex-

periments was forced by combined heat flux and relax-
ation to observed SST. Therefore, SST anomalies due
to blocking major rivers were relatively small in our
experiments. Additional experiments showed that the
SST anomalies became larger when the SST relaxation
coe"cient was reduced. Therefore, we speculate that
SST anomalies generated by blocking the runo! from
major rivers within a fully-coupled ocean-atmosphere
system would not be damped strongly as suggested
by additional experiments with weaker damping coef-
ficients. We believe that it is reasonable to expect that
similar physics may be operating in the actual oceans.
But our conclusions need to be confirmed by simula-
tions with coupled ocean-atmosphere models, partic-
ularly to assess the magnitudes of changes in salinity,
temperature, and Atlantic MOC. An earlier study by
Carton (1991) also suggested a strong response in sur-
face salinity and subsurface temperature to changes in



NO. 3 HUANG AND MEHTA 467

evaporation, precipitation, and river runo!.
Since river runo! can vary at intraseasonal to mul-

tidecadal timescales and in response to climate change
(see for example, Miller and Russell, 1992), changes
in SST due to river runo! may consequently a!ect
regional and/or global climate at various timescales
via anomalous air-sea fluxes. Finally, the large tem-
perature changes near the east coasts and the associ-
ated anomalous western boundary currents caused by
blocking river runo! in our model experiments suggest
that a finer model resolution might be helpful to fur-
ther study the potential influence of river runo! on the
coastal salinity, circulation, and temperature changes.
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