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ABSTRACT

Using hydrographic data and box models, it is shown that the presently discussed diversion of rivers such as the
Yellow or the Yangtze for agricultural use is likely to cause the renewal of Bottom Water formation in the Japan/East
Sea. Such formation was common (near the Siberian coast) in the 1930s, 1940s, and 1950s, but subsided since that time
due to a warming trend (accompanied by a decreased salinity due to the melting of ice). Since a diversion of freshwater
is analogous to evaporation, a (diversion induced) increase of salinity is expected and the increase is large enough to
allow Bottom Water formation even at the present-day cooling rates. Even a modest diversion of “merely’’<8000 m
(which is 10% of the total freshwater flux) will probably cause Bottom Water formation at a rate of roughly 75000 m
This is the first study that predicts anthropogeaicersalof an existing vertical structure in a semienclosed sea.

1. Introduction relative to the water entering the JES from the north,
itis fresh compared to the Pacific water from which it
The Japan/East Sea (JES) is a deep500 m) originated because of significant dilution by freshwa-
semienclosed basin fed by small amounts (approté+ from both the Yangtze River and the Yellow River
mately 0.1 Sv where 1 Sv1( m® s?) of relatively (Tomczak and Godfrey 1994). For other general as-
fresh and cold water from the (poorly observed) Spacts of the JES circulation the reader is referred to
of Okhotsk in the north (Fig. 1). This flow is enhancedinato and Kimura (1980), Toba et al. (1982), Sekine
by the melting of ice (Seung and Kim 1993; Hollowa§1986, 1988), Sugimoto (1990), Preller and Hogan
et al. 1995; Martin and Kawase 1998; Riser et al. 1993998), and Hogan and Hurlburt (2000).
in the western part of the JES. Superimposed on this
fiordlike circulation is a much stronger throughflova. Background
of about 12 Sv of warm and salty Pacific water enter- The JES is subject to outbreaks of very cold Sibe-
ing the JES through the shallow Tsushima Straian air during winter. During a typical January the
(< 100 m) and exiting through the Tsugaxul@0 m) temperature difference between the air and the water
and Soya Straits(70 m). This throughflow originatescan reach more than 15°C (see, e.g., Seung and Yoon
in the Kuroshio and the Taiwan Currents (Isobe 1999995), a difference that is twice as much as the 7°C
both of which are primarily driven by the winds ovedifference between the air and the water in the con-
the Pacific rather than the local winds directly abowective region of the Gulf of Lion in the Mediterra-
(Nof 2000). Although the Tsushima Current is saltyean Sea (see, e.g., Marshall and Schott 1999). It has
been argued that due to this JES cooling and the rela-
tively salty water brought in by the Tsushima Current,
*Additional affiliation: The Geophysical Fluid Dynamics Insti-deep water occupying the depth range of 200-2000 m
tute, The Florida State University, Tallahassee, Florida. is regularly formed (Gamo et al. 1986; Sudo 1986;
Corresponding authqr addres@o_ron Nof, Dept. of Oceanog- Senjyu and Sudo 1994; Seung and Yoon 1995;
raphy 4320, The Florida State University, Tallahassee, FL 323%()shikawa et al. 1999). [ThiS water is sometimes re-
éifg'": nof@ocean.fsu.edu fe_rr_ed tq as the Japan Sea Proper Water and sh_ould be
In final form 29 November 2000. distinguished from the Bottom Water (BW), defined
©2001 American Meteorological Society as water occupying depths greater than 2000 m. Note
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(which used to carry approxi-
=¥ mately 3000 riist) and part of
Okhotsk the Yangtze River (which carries
) as much as 30 000°%s?) for
agricultural use. For our calcula-
tions, we shall assume that the
diversion will cause a loss of at
least 3000 rhst of freshwater
input to the ocean, an amount
comparable to the known fresh-
water loss due to the construc-
tion of dams and agricultural
development in other parts of the
world (e.g., the Mediterranean
Sea).

Siberia

40° —

b. Approach

We shall take the so-called
box model approach were hori-
zontal and vertical variations
within each layer of the concep-
tual box are ignored. Opinions
vary as to how useful such an

Fic. 1. The JES and its neighboring bodies of water. Relatively fresh and cold water e%%rr.)sroa(:h is because horizontal

the JES from the north (through the Tatar Strait). Superimposed on this fjordlike circuldf@Hations can atimes be impor-
is a flow of Pacific water (entraining the freshwater from the Yangtze and Yellow Rivet@)t. One school of thought ar-
which enters through the Tsushima Strait and exits via the Tsugaru and Soya Straitgd8s that detailed numerical
JES is subject to strong winter cooling due to outbreaks of cold Siberian air off Vladivosigigdels are always needed and
A close-up of the squared region off Vladivostok is shown in Fig. 4. that box models do not provide

useful information. Supporters,

also that Riser et al. (1999) argues that at times suchthe other hand, state that when observations are
deep water is not formed.] scarce and when one does not know how to parameter-

Oxygen measurements suggest that Bottom Wae crucial numerical procedures (such as convection),
ter (>2000 m) was also regularly formeuhtil the box models are not only needed but are, in fact, pref-
1950s (Gamo et al. 1986; Nitani 1972; Minobe 1996rable. Our opinion is that, with the present-day un-
Varlamov et al. 1997); since that time a warming tremtérstanding of the JES, a box model approach is an
accompanied by a decrease in salinity has reducedappropriatefirst stageof looking at the problem.
production of this BW to almost zero (Gamo et al.
1986). Due to the relatively shallow sills and the lagk Presentation
of new BW production, present-day BW does not Our analysis will be presented in three stages. First,
freely communicate with the Pacific Ocean and, cousingT-Sdiagrams and the box model approach, we
sequently, it is trapped within the JES (Fig. 2). shall show that the present situation in the JES is not

It is hard to tell how much freshwater will be divery far from that corresponding to regular bottom
verted by the Chinese as a part of the regional dewshter formation (section 2). Since surface water regu-
opment and the completion of the Three Gorges Daanly sinks to the 500—1000-m level today, we will not
because such information is not presently made puie-concerned with this surface water stability but rather
lic. The official aim of the Three Gorges Dam is floofbcus our attention on the conditions requiring the
control and the generation of hydroelectric power (nainking of water from 500 to 2000—-3000 m. For this
ther of which should have an effect on the averagesS presentation, we shall assume thatrtreansa-
freshwater flux to the ocean) but there have been stéitaty of the JES will be raised by the diversion and
ments regarding the diversion of the Yellow Rivahat the local salinity in the convection-prone area of

110°E 130° 150°
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Vladivostock, Russia, will be raised by the same cooling (H)

amount.

Second, we shall present a detailed comparison of Rl § g § [q
the convective region in the Mediterranean Sea (M$} T
with that of the JES (section 3). We shall show thatsZ 190 m ZOLO . PrRvd Ty ~1m
both seas possess all three requirements for deep ¢ (Sus Tu) I

vection: (i) both regions are subject to cyclonic circu-
lation that elevates the isotherms and thus brings de@&pshima
water closer to the surface; (ii) both regions are sitd>
ated next to land where cold outbreaks of continental

air take place in the winter; and (iii) in both regions

the stratification beneath the surface layer is weak
(most likely due to earlier convection). Based on this Fic. 2. Schematic diagram of the present-day equilibrium state

ip the JES. A volume fluR [approximately 12 Sv (1 Sv =%6s?)]

comparison, we shall argue that the JES is not Veryfﬁaﬁacific water (with a salinit$s and temperatur&) entrains

from a Sta’fe of _deep Con\_/eCtion- We shall fU_rthe_r dleshwaterR (approximately 30 000 #is? of fresh Yangtze and
gue that, since it was subject to such convection in thalow River water) as it enters the JES. Within the JES, it is fur-

not very distant past, it is very close to a state of delegr diluted with small relatively freshwater flux q (~0.1 Sv) origi-
convection in the present. So much so that a divers[tjnd from the Sea of Okhotsk and its salinity becageghe
of rivers is sufficient to cause it to become ConVECtiV%UbscriptS u and b indicate that the variable in question is associ-

hi L f hat th ated with the upper and bottom water.) At the same time, it is be-
(In this scenario, itis assumed, of course, that the ¢ “strongly cooled down frori to T, by outbreaks of cold air

vection is induced by cooling rather than brine rejectiofrgm Siberia. Due to the relatively low salinity of the present-day
It is useful to point out here that, in the familiawater entering the sea, and the relatively high salinity of the BW

Mediterranean Sea case, dense water is formed by prisently trapped in the JES, the cooling is not sufficient to pro-
tial evaporation in the Levantine basin (analogous 1Bce new BW, i.e., the density difference between the water within
our Yellow and Yangtze River diversion) and a su%—e sea’s upper layer and the present BW is negative even during

~3500 m

Bottom Water

{Sp; To) Tsugaru Strait

. ) eriods when strong cooling is taking place. Since there is no BW
sequent atmospheric cooling south of France. For thigduction, present BW does not spill out over the sill. It is ar-

well-known case it has already been demonstraig@d that even with a 10% diversion upstream the cooling-induced
(Nof 1979; Béthoux et al. 1990; Rohling and Brydegensity difference will become positive and deep convection will
1992) that the construction of the High Aswan Daffke place (_see text and Fig. 3; “wiggly” arrows indicate atmo-
and the diversion of a few thousand cubic meters (F8P"'c co0ling).
second had important consequences on the circulation.
[In this context, the reader is also referred to Rahmstbdx model approach and its back-of-the-envelope cal-
(1997) who performed numerical experiments wittulations are probably the best that one can do with
oceans subject to varying surface salinities andttee issue at this stage. Further measurements of the
Semtner (1984, 1987) who examined the sensitivitgshwater path in the JES and more detailed hand-in-
of the Arctic Ocean to the diversion of rivers. Anothdrand modeling efforts that incorporate convective pro-
related case of interest is that of Steinhorn et al. (19¢@kses will most likely yield better predictions.
whoobservedan anthropogenic turnover of the Dead
Sea.]

Third (section 4), we shall present a box model a2 Old and new density structures
compute the new steady state that will be reached [in
approximately 300 years, the residence time of the JESIt is a simple matter to show that, with our (box
(Tomczak and Godfrey 1994)] after the diversion rmodel) assumption of a uniform salinity change in the
completed. Before beginning our detailed presentatiamper layer, a diversion of rivers would cause BW
it is pointed out again that the JES is not as well dlormation. To see this, we examine Fig. 3 where the
served as the MS [primarily due to the very longotential density contours as a function of temperature
inaccessibility of its western part to western shifd salinity (relative to 3000 dbar) are shown. Super-
(which was altered with the collapse of the USSR)jnposed on these contours are (the old and new)
Consequently, it is virtually impossible to accuratelj-Sdata analyzed by Nitani (1972; for the Liman Cur-
determine (using both observation and models) whaht region) and the data analyzed by Riser et al. (1999;
a diversion of rivers would cause. As mentioned, ofar the northern JES). As Riser et al.’s analysis focuses
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CONTOURS OF SIGMA 3 hundred data points (from which the shown curves
SN have been constructed). The data that he used were
40 o e o s collected in both summer and winter but this should
' “I' 77 not matter for our analysis that addresses long-term
processes.

Nitani’s (1972) analysis displays two situations, a
(074 oE | present-day no BW production era (blue line connect-
IF i ing C and D and corresponding to Nitani’s data for
/ AR 1960-70) and an old era (red line connecting A and B
o a and corresponding to 1940-50) where BW production

A did take placeThe upper points of these two curves
i (A and C) correspond to upper water at 500-m depth

whereas the lower points (B and D) correspond to
»B T 00 water in the 2500-3500-m depth range. (Unfortunately,
» there is no historical data for the surface water that is
y ; | in direct contact with the atmosphere. Nevertheless,
.\‘,19 | the analysis of the vertical density structure is still very
useful as it will tell us how much cooling is needed to

o potential temperature

o

. N7 convect intermediate water already cooled to the den-

N T B B S W N T sity level present at the 500-m level.)

S0 i We see that, during the old era when BW was regu-
Fic. 3. AT-Sdiagram showing the historical density structuréarly produced (red curve), an intermediate water cool-

in thg Liman Curre_nt according to Nitani (1972_) and th_e presqﬂtg of merely 0.15C was sufficient to produce deep

density structure in the northern JES according to Riser a%bnvection (see line AA). During the no BW forma-

(1999). The thick blue line (connecting C and D) and thick r bl the other hand h st
line (connecting A and B) correspond to Nitani's (1972) analys'kon era (blue curve), on the other hand, a much stron-

whereas the dashed green line corresponds to Riser’s et al. (1@®))intermediate water cooling of approximately 0.5°C
data. The blue line shows a typical BW formation era (1960- iS needed to produce BW (see line'GCEvidently,
70) whereas the red line corresponds to a formation era (194ftesent-day cooling rates are just not sufficient to pro-
go)- ch;iggs /;5%’2)" C go”‘fpo”d to vioo-m dﬁpthda”_d pOih”tSf B &ldce such a large temperature difference. Namely,
to — -m depth range. We see that during the forma, -
tion era (red line), cooling of merely 0.15°C was sulfficient to proq (Tu B b) +ﬁ(su _SD) < 0 where, .as shown in Fig. 2,
duce BW. To see this, note that water corresponding to pointTA andTb are the no BW production era temperatures
had to be cooled an amount corresponding to A¥order to con-  Of the upper and bottom laye& andS, are the salin-
vect (i.e., in order for its density to be equal to that of the Bottoimy of the upper and bottom Iayers, a,ndmdﬁ are
Water). On the other hand, during the no BW formation era (blyjge expansion coefficients for temperature and salin-
line), a much greater cooling of almost 0.5°C is required in orrégg_ Note thatS andT correspond to point C whereas
to produce deep convection. Namely, water corresponding to pqint u u . .
C has to be cooled to a temperature corresponding to point C z_a'ndTb correspc_)nd_ to point D (Fig. _3)' (The sub-
order to produce BW. With a diversion of “merely” 3000sh  SCripts ‘U” and “b” indicate that the variable in ques-
(corresponding to 10% of the Yangtze and Yellow River voluntéon is associated with the “upper” and “bottom”

flux), the upper water salinity would increase by approximatelyaters. For clarity, all variables are defined in both the
0.068%0 making the upper water considerably denser than it PrESxt and in the appendix).

ently is (point E). This increase in density is sufficient to produce :
BW even with present-day cooling rates since it requires a cool- To see what happens when a fraction of the fresh

ing of merely 0.05°C, which is a third of the old cooling rate (sé’é‘ater influx is diverted we first examine the conser-
line EF). vation of salt flux into the JES. As shown in Fig. 2,
we assume that an amouhbf Pacific water with a
salinity Sand temperaturéapproaches the Tsushima
on the present-day situation (with no BW productioigtrait. Without any river diversion, the salinity of the
whereas Nitani’s data includes the old period of BWater entering the JES via the Tsushima Strait is
production, we shall focus our attention on Nitani'S[P/(P +R)], whereR is the (undiverted) freshwater
data. (Riser et al.’s data is presented here merely fonass flux. In other words, the salinity of the entering
comparison.) Note that Nitani used all the availableater is lower than the original Pacific salinBylue
Japanese data since 1928. His plots contain perhapistae dilution by the fresh river water. In the absence
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of this dilution the salinity would increase by approxi- The JES is subject to conditions very similar to
matelyAS = S dR/P, whered (< 1) is the fraction of those of the MS (Fig. 4). First, the convection regions
the river flow that is diverted. F@R = 3000 mi s* in the two seas are approximately at the same latitude.
(i.e.,0=0.1),P=1500 000 mst and an average sa-Second, both regions have cyclonic circulation that
linity of 34%. we find thatAS = 0.068%.. Increasing brings deep water closer to the surface. Third, out-
the surface water salinity (point C in Fig. 3) by thibreaks of cold air occur in both regions. In the MS, the
amount (without affecting its temperature) brings umistral brings in continental air 7°C colder than the
from point C to point E (Fig. 3). Water with these disurface seawater. In the JES, outbreaks of Siberian
version-affected properties now requires a cooling winds bring in masses of air 15°C colder than the sur-
merely 0.05°C in order to sink and form new BW (sdace water. The much larger air—sea surface tempera-
line EF). Such a cooling is smaller than that assotire difference in the JES case reflects the fact that the
ated with the BW formation era (0.15°C) leading U¥ES is situated next to the eastern boundary of the con-
to the conclusion that BW will almost certainly bénent whereas the MS is situated next to the western
formed if a diversion of at least 10% is completetioundary of the continent (tempered by the Atlantic
Note that a complete diversiod= 1) gives an incred- Ocean and the Gulf Stream).

ibly high salinity increase of approximately 0.7%o, It is difficult to compare the heat fluxes from the
which would cause an immediate deep convectibmo seas because, as mentioned, the JES has not been
even without any cooling. In the next section, we shalbserved to the extent that the MS has been. On the
show that, with the diversion completed, the JES wilhasis of the much greater air—-sea temperature differ-
become essentially analogous to the MS.

3. Comparison of the convection in the
Mediterranean Sea to that in the
Japan/East Sea

The first convection directly observed in the Gu
of Lion was the 1969 convection (see e.g., MEDC*2
Group 1970; Gascard 1978; Schott and Leaman 19
It helped identify the three now-familiar subprocess
active during the convection: “preconditioning 41°-
[where the cyclonic motion, O(100 km), brings weak =
stratified fluid close to the surface], “deep convectiol
[where small-scale plumes of O(1 km) help break t
Taylor—Proudman depth-independent constraint &

cause high vertical velocities O(10 crf)]s and o5 Viadivostok 7%
“lateral exchanges” (where the convection is co M ‘:;.
nected to the ambient fluid through processes on
scale of tens of kilometers). The convection in the G 42"
of Lion is caused primarily by the mistral winds th¢
bring cold dry air with a temperature of only 5°C t
the relatively warm Mediterranean water (12°C .
Although the average heat flux from the northwesteﬁ1 Il
Mediterranean to the atmosphere during Decemk
January, and February is no more than about 30GW
values as high as 100 W=were calculated for con- 134°E 138°E

vective events (Leaman and Schott 1991). This strong _ o _
cooling affects waters with an already enhanced salin—F'G' 4. The surface circulation in the northwestern Mediterra-

. . . nean (top, adapted from Marshall and Schott 1999) and the west-
ity (due to the evaporation of about 100 00Usfrin ern JES (bottom, adapted from Tomczak and Godfrey 1994). Note

the eastern Mediterranean) so that deep convecti®fi hoth areas are approximately at the same altitude and that both
ocCcurs. have cyclonic circulation.

[J<200m

Dc 2,000 m
D> 2,000 m

[J<200 m

[]<3,000 m
[]>3,000 m
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ence in the JES case and the proximity of the JESutdil the BW will be able to continuously spill out over
Siberia, it is expected that the JES heat flux would tiee Tsugaru Strait sill. Once this happens the old BW
greater than that of the MS. However, using recentill be flushed out and, ultimately, a new equilibrium
released USSR observations and other data, Hirstate will be established.
et al. (1994) estimated the December heat flux in the As in other similar situations (e.g., the Mediterra-
convective region to be about 200 W,ran amount nean or the Red Sea), it is expected that this new equi-
comparable to that of the MS (300 WmFor a com- librium state will be accomplished by a “hydraulic
plete discussion of the JES heat flux to the atmospheoatrol” at the Tsugaru Strait [implying that the trans-
see also Kato and Asai (1983), Hirose et al. (199@prt through the strait will be maximized (see, e.g.,
Takata et al. (1997), and Na et al. (1999). Smeed 1997; Nof 1979)]. Note that, without the wind-
An important difference between the MS and thdriven throughflow of Pacific waté? (which is su-

JES is the much smaller evaporation rate in the Jg&imposed on the cooling-induced flow), the JES
case (roughly 0.2 m yircompared to 1.0 m ¥). This would have had a two-way flow at the Tsugaru Strait
probably explains why the BW formation process hasd the picture would have been very similar to the
been absent (from the JES) in the last forty years. fasniliar two-layer exchange between the Mediterra-
mentioned earlier, however, it is expected that a paean Sea and the Atlantic Ocean. The fact that the to-
tial diversion of rivers will play a role analogous tdal flow is expected to be one-directional rather than
that of evaporation in the MS. On the basis of our earo-directional should have no bearing on the condi-
lier analysis, we expect that this will be the case evion of hydraulic control as the condition involves the
though the diverted amount (a few thousand cutsquare of the velocity (and not its direction). However,
meters per second) is much smaller than the appatgtause of the JES throughflow, the analysis below is
difference in the evaporation between the two seasiot identical to that of the MS. In what follows, we shall

use the condition of hydraulic control and the conserva-

tion of heat and salt to find the new equilibrium state.
4. The final equilibrium state

a. Hydraulic control

To examine our conclusion (regarding a 10% di- The control at the Tsugaru Strait corresponds to a

version) more closely and determine the final adjustetbude number of unity that can be expressed as
rate of BW production we consider the box model
shown in Fig. 5. In this figure we schematically show

the equilibrium state that will be reached after all the cooling (H)
adjustments have been completed:; that is, we show the § ; § q
structure that will be obtained after the diversion is [(t-9R ./
completed and a new steady state is reached. We exs p(s,T) ‘S";ITU")I —> (Sn; Tun)

pect that two adjustments will be present during the
transition to steadiness.

The first is the one associated with the arrival gbushima
the less-diluted Pacific water to the BW formation sit& "
(off Vladivostok). It is expected that this would take
from a few months to many years from the time that
the diversion is completed depending on the (very dif-
ﬁPUIt 0 eStimate) rate of horiz_ontal mi)-(ing (due t(-) Fic. 5. A diagram of the equilibrium state after a diversion of
either advection or eddy diffusion). Tak!ng the horis is completed and an adjustment period of approximately 300 yr
zontal scale as 500 km and the horizontal edglye fiushing time of the JES) has passed. In this new state, the
diffusivity to be as low as ¥0r? s*, one arrives at a “old” BW (i.e., present-day BW with a relatively high salinity and
timescale of 70 yr, which should be regarded as @mperature 0§, andT,, respectively) has been flushed out and

upper bound for the arrival of the new salinity. Ong&ew BW with a uniform salinity 08, and temperaturg, is

; : : t. The subscript n indicates that the variable in question is
this happens, a new BW formation process will bedift>c" ) :
PP b P d? sociated with the new state. It is assumed here that the effect of

immediately. To accommodate the newly formed B\_ﬁe relatively freshwater entering the JES from the Sea of

that continuously pours into the abyssal JES, the tkhotsk ¢) on the new deep convection is small and negligible
terface bounding the BW from the top will have to riggee text).

l —>(Sn; Tim) .

new bottom water-
(Sn; Ton)

Tsugaru Strait
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where§ is the new (uniform) salinity created by the

2 2
[P+(1‘5)R] +[P+(1_5)R] =g* b?D3, (1) diversion of freshwatedR).

n 1-n

c. Solution
whereP is the (known) no river-dilution Pacific vol- It is easy to show that the functia¢l —n) [which
ume flux, &R the much smaller (known) diverteds a part of relation (1)] reaches a maximum with
freshwater fluxn the (yet unknown) fraction of then = 1/2 implying that maximum transport through the
water column occupied by the upper layer at tiesugaru Strait will take place when both the upper and
Tsugaru Straith the (known) average width of thelower layers occupy half of the total def@h As is
strait (~17 km),D its (known) average depthdone in other similar (hydraulically controlled) situa-
(=130 m), andy* is the (yet unknown) “reducedtions (e.g., Nof 1979), itis assumed here that the trans-
gravity” given by port will indeed be maximized so that we can take
n = 1/2. Together with R< P, (1) and (2) then take
g the much simpler form,
g* = _a(Tun - Tbn)'
Po
4p? = 9 (T, - T, )b?D? @)
Here,p, is a reference density, andT, _are the new Po
upper and BW temperatures downstream from the
cooling region (i.e., at the Tsugaru Strait), and, as lzd
fore, a is the expansion coefficient for temperature.
Note that the subscript “n” indicates “new,” that is, the T +T.0 H
R : ; un bn L1_

new state after the diversion is complete and a new o0~ o : (5)
steady state is reached. As before, the subscripts u and 2 PC,
b indicate upper and bottom.

The low salinity water fluxg from the Sea of which are two equations with two unknowiis, and
Okhotsk into the JES is neglected here on the groungd
that, according to recent estimates (Martin and Kawaselt is important to realize that, in this box model sce-
1998), it is small (0.1 Sv) comparedRoand on the nario, the maximization of the transport and the result-
ground that whatever enters the JES from the northrig n = 1/2 implies that half of the incoming surface
not going to be altered by the diversion in the soutiater flux will become BW flux, that is, the BW pro-
so it can simply be superimposed on our independeitction rate isP/2. ForP = 1.5 Sv,b = 17 km,
solution. Furthermore, in line with the box model af? = 130 m, andr= 1800x 107k?%, (4) gives the rea-
proach, the new salinity of the convective JES is takeonable value of 10°C for the mean temperature dif-
to be independent of depth (so that it does not afféetence between the exiting upper wafer)(and the
the new density difference between the layers).  exiting BW (T, ). Similarly, an average heat loss of ap-

proximately 50 W i, which is typical for the JES

b. Conservation of heat and salt (see, e.g., Hirose et al. 1994, 1996; and Oberhuber
The system is also governed by the conservatib888; but note that Na et al. 1999 argued that the av-
of heat equation erage heat loss is even higher, about 100 %)/ an
area of approximately 800 000 kgives, with the aid
PCIT-nT, -(1-nT,]=H, (2) of (5), amean temperature reductidr{T +T, )/2]

of 5°C. For a reasonable initial temperature (of incom-
whereH is the (known) heat loss to the atmospheriag surface Pacific water) af= 10°C we get an exit-
C, is the heat capacity of water, and it has been takeg surface water with an identical temperafljfeof
into account thalR << P. Finally, the conservation of 10°C and a reasonable, much lower BW temperature

salt implies of T,,=0°C.
The reader should be warned in this stage that, al-
though the conclusion that new BW formation will
0 P [ . : o : :
S =S H (3) take place if a diversion is completed is straightfor-
+(1-9)R ward and fairly certain, the box model calculation (giv-
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ing a BW production rate of approximately 0.75 Sfore they were actually observed (Béthoux et al. 1990;
with a temperature of 0°C) has a fairly broad margiRohling and Bryden 1992). In the present particular
of error. case of the JES, the choice of a box model is particu-
larly sensible as we do not know the JES structure well
enough to (numerically) model the diversion-induced
5. Summary convection in detail.
Our box model predicts that the diversion of riv-
Prior to summarizing our results, it is appropriaters for agricultural use can have important effects on
to list again the limitations of our approach. First, tteée meridional circulation in the Pacific Ocean due to
box model is formulated under the assumption that tte sensitivity of the JES to the surface salinity distri-
diversion is complete in the sense that no divertbdtion. How the Pacific will respond to the formation
water reaches the JES via evaporation over the larid.75 Sv of BW in the JES is not clear. This amount
and a subsequent precipitation over the sea nor {@a75 Sv) is similar to that of the MS (1 Sv) but, given
groundwater. In reality, some diverted water maiat the Pacific is almost three times as broad as the
eventually reach the sea and this may alter our resultantic, its effect will probably be smaller than that
Second, the box model approach assumes that bothoththe MS. A detailed study analogous to that of
upper and lower layers are well mixed both horizoRahmstorf (1997) is needed in order to answer this
tally and vertically. Again, in reality, this is not the casguestion. Despite the expected moderate effect on the
as there are horizontal density gradients as well Racific, it is expected that the response of the JES to
vertical gradients within each layer. Other processegen a partial diversion of the Yellow and Yangtze
that may affect the results are the influence of the coRivers will be much more dramatic than that of the
plex geometry of the Tsushima and Tsugaru Straiidediterranean due to the construction of the Aswan
which have been neglected. Also, we have not ddigh Dam. We expect to witness far-reaching envi-
dressed the issue of the upper 500-m stability on tlemmental effects due to the ability of the system to
ground that convection of surface water above tHigp from the present no BW production equilibrium
level occurs even at the present-day salinity levelsstate to a new, very different state where BW is regu-
Despite all of these weaknesses, box models of tady formed.
kind used here have been proven useful in numerous
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Appendix: List of Symbols

b average width of the Tsugaru Strait
C, heat capacity of water
D average depth of the Tsugaru Strait
g reduced gravitypg0 a(T, -T.)
H heat loss to the atmosphere
n fraction of the water column occupied by the upper layer at the Tsugaru Strait
P volume flux of Pacific water approaching the Tsushima Strait
q low salinity water flux through the Tatar Strait
R freshwater influx from the Yangtze and Yellow Rivers
S salinity of incoming Pacific water
S new (uniform) salinity created by the diversion of freshwaliy (
S'S salinity of the upper and bottom layers
T, new bottom water temperature downstream from the cooling region
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L new upper water temperature downstream from the cooling region
a expansion coefficient for temperature
B expansion coefficient for salinity
o fraction of diverted waterd< 1)
oR diverted freshwater flux
Py reference density
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