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ABSTRACT

A simple bxed-SST model of a zonal circulation in the tropical atmosphere has been developed that has
separate boxes for the ascending and descending branches of the atmospheric circulation. This circulation
resembles the Walker circulation. This is the prst box model to determine the fractional widths of the warm and
cold pools. The atmospheric model contains an explicit hydrologic cycle, a simplipPed but physically based
radiative transfer parameterization, and interactive clouds.

Results indicate that the intensity of the tropical circulation is crucially dependent on the amount and vertical
distribution of water vapor above the cold-pool boundary layer (CPBL). In response to increasing precipitable
water over the CPBL, the radiative cooling rate of the free troposphere increases. To a good approximation,
subsidence warming balances radiative cooling in the subsiding branches of the circulation. If the fractional
width of the cold pool (CP) does not change too much, the circulation must intensify as the subsidence rate
increases. To compensate for a stronger circulation and to restore energy balance in the Walker cell, the pre-
cipitable water over the warm pool (WP) must decrease. A OOmoist-outBowOO experiment shows that the Walker
circulation intensibes if air is advected to the subsiding regions from lower altitudes in the WP. As the advection
level decreases, air supplied to the CP becomes warmer and moister, and so the column water vapor in the CP
free troposphere increases. The mechanism described above then leads to a strengthening of the circulation.
This moist-outBow experiment also shows that when the authors try to moisten the atmosphere by specifying
a lower advection level for water vapor, the atmosphere adjusts so as to dry out. This effect is very strong.

1. Introduction and lower branches of the tropical circulation. The at-
The steady tropical oceanbatmosphere general &}gspher.lc momentum budget was ignored in P95, Mill-
culation remains inadequately understood. Many r&! (1997, heremgfter M97), and LHK. Sherwood (1999)
vious studies have discussed sensitivities of the tropiddForPorated a simple momentum budget but speciPed
climate (Lindzen and Nigam 1987; Ramanathan arf€ vertical structure of the atmosphere.
Collins 1991), or have described the linear response ofA récent paper by Kelly et al. (1999; hereinafter KRS)
the tropical climate to small perturbations (Gill 1980Presented and discussed results from a simple model of
Geisler 1981; Rosenlof et al. 1986). The value of thedge tropical warm pool (WP). They showed that clear-sky
Studies was primar”y to ShOW the processes and intéﬁ.d|at|veDconVeCt|Ve eqUIllbI‘Ia Of the WP oceanbatmo-
actions that must be considered in a theory of the steagjhere system do not occur. As the sea surface temperature
tropical climate. Recent studies with box models (PiefSST) increases, the precipitable water over the W) (
rehumbert 1995; Sun and Liu 1996; Miller 1997; Larsotends to increase, and so the longwave trapping effect of
et al. 1999, hereinafter LHK; Sherwood 1999; Clemenwater vapor reduces the outgoing longwave radiation
and Seager 1999) have improved our understanding §©LR) and leads to a runaway greenhouse (Ingersoll
cause they capture essential processes of the tropit@69). When cloud radiative effects are included, the ab-
oceanbatmosphere circulation in a simplibed way. Therbed shortwave radiation is reduced and a very warm,
applicability of these box models is somewhat limitedvery dry equilibrium is possible, but it does not resemble
however, because of their extreme simplipPcations. Ftite observations. This high-SST, |o#-combination re-
example, Pierrehumbert (1995), hereinafter referred $uits in a relatively large value of the OLR that can balance
as P95, neglected cloud-radiative effects and speciP@é absorbed solar radiation. KRS also showed that real-
the potential temperature difference between the uppstic prescribed horizontal transports of energy and mois-
_ ture make a realistic equilibrium possible. These results
* Current afbliation: Logicon TASC, Inc., Chantilly, Virginia.  are consistent with P95 who showed that a low water vapor
region that is efbcient at radiating energy to space is need-
Corresponding author address: Dr. Michael A. Kelly, Logicon ed in order for th.e Tropics to reach a Staple equilibrium.
TASC, 4801 Stonecroft Blvd., Chantilly, VA 20151. Because the horizontal transports and wind speed were
E-mail: makelly@tasc.com specibed, however, results presented in KRS fall far short
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of a simulation of the tropical climate. In order to more The paper is organized as follows. We give an over-
satisfactorily simulate the climate, the lateral exchangegw of the model in section 2. In section 3, we derive
of atmospheric moisture, energy, and momentum must desimplibed momentum budget for the CP boundary
computed. layer (CPBL) and detail our calculation of the dry static
The primary goal of this study is to add additionaénergy difference between the upper and lower branches
physics to the model of KRS in order to study the lateraif the simulated Walker circulation. We also show how
energy and moisture exchanges between the WP ahé widths of the CP and WP are calculated. Section 4
cold pool (CP). This requires the wind speed to be corbrieRy describes the WP model. We present stand-alone
puted, rather than specibed as in KRS. We invokerasults for the CP model in section 5. Section 6 shows
simplibed momentum balance for the atmosphere. Asw the WP and CP models are coupled. We present
with any simple O0OtoyOO model, our motivation is to s@sults from the complete model in section 7. Section
ulate the dominant interactions among the various phy8-gives a summary and conclusions. Throughout this
ical processes in the atmosphere while neglecting sgaper, we contrast and compare our model with those
ondary processes. This approach requires a priori ag-P95, M97, and LHK.
sumptions as to which interactions are dominant. We
explore the importance of some interactions by alteg; A quick overview of the model

nately including and excluding them in sensitivity ex- The idealized circulation consists of upper-tropo-

periments. spheric outlBow from the WP to the CP and a lower-

The present paper concentrates on modeling the ﬁ'pospheric inBow from the CP to the WP (Fig. 1).
mospheric circulation in an idealized way. We have Chos%sed on data from the European Centre for Medium-
to bx SSTs, Whlch ellr_nlnates the very important atm nge Weather Forecasts (ECMWF) reanalysis, we as-
sphereDocean interactions. We have also chosen to PX0ea that the zero-wind level occurs at 600 m’b. The
depth of the boundary layer. LHK demonstrated the segsqiery mass Bux over the CP is forced by a horizontal
sitivity of climate simulations from a two-box model 0 eqqyre gradient, which is induced by an SST gradient.
Buctuations of the tropical boundary layer depth. The air exiting the CPBL is replaced by subsiding air.

The widths of the WP and CP are calculated as thogg,or the WP. the westward horizontal mass Rux de-
that b"?"af.‘ce.the energy budget for the given tropicglgages to zero at the western boundary, as the mass
SST distribution. We assume that the model evolves g, 1,rns upward and departs the boundary layer in the
a stable, equilibrium conbguration with no net heatingonyectively active region. As the convective outRow
cooling in either box. If either box is subject t0 neyayels eastward over the CP, it undergoes radiative cool-
heating/cooling, then the system is assumed to evolyg, ang subsidence warming. A positive zonal pressure
until a stable solution is found. Because tropical dygragient decelerates the wind as it crosses the CP. We

namics require the temperature gradient in the tropicglqyire that the eastward mass Rux decrease to zero at

free troposphere to be small (Charney 1963), the energhg eastern boundary.

Bux divergence in either box must adjust so as to reducessT gradients across the tropical PaciPc Ocean are

the temperature gradient. We postulate that the syst@jBserved to be very small, especially in the WP. We

adjusts the size of the WP and CP in response t0 igssuyme that the SST is uniform across the WR,X

creased heating/cooling in order to maintain the energy,q varies linearly fronf’,, at the CPBDWP boundary

balance and to keep the tropical temperature gradiefésy at the eastern boundary of the CP. The mean CP

small. Accordingly, we calculate the equilibrium widthssST s therefore given by,. = 1/2(Ty, + Ts). Hor-

for the WP and CP as those required to maintain thgontal temperature gradients in the tropical free tro-

energy balance in the Tropics. _ _posphere are small because of weak rotation (Charney
As described later, we use a simple time-marchingpe3). Consistent with these bndings, we assume that

scheme to Pnd the equilibrium widths. Only the equihe free-tropospheric temperature is horizontally uni-

librium solutions are physically meaningful, howeverorm for the WP region. In the CP upper troposphere,

and so the reader is cautioned to avoid viewing modglnegative zonal pressure gradient decelerates the west-

transitions as time-dependent behavior. erly Bow. Figure 2 shows the assumed temperature pro-
The response of the atmosphere to perturbationspfes in the two regions. Following P95, the free-tro-

an interesting problem in itself. Recent efforts have (apospheric temperature proble is assumed to be identical

propriately) concentrated on the response of the couplgtthe CP and WP. We represent the trade wind inversion

system, but the behavior of the atmosphere in the cofFwI) of the CP region as a discontinuous jump in

text of a box model has not been adequately addressgsnperature.

Without understanding the atmosphere-only solution, it

is often difbcult to fully understand the coupled solu3 CP model

tion. What are the mechanisms for adjustment within’ )

the atmosphere? Our results give insight into the b@. Basic structure

havior of the atmosphere, precisely because the coupledP95 referred to the subsiding branches of the tropical

response has been eliminated. circulation as OOradiator PnsOO because they efbciently
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Fic. 1. Schematic of the two-box model. Heve and o, are the widths of the CP and the
WP, TWI is the trade wind inversion level, is the pressure level separating the lower and upper
troposphere and at which the zero-wind level is assumed to oBGuis the precipitable water
over the WPW.. is the vertically integrated water vapor in the free troposphere of the CP region,
W, is the vertically integrated water vapor in the CP boundary layer, dpénd H,, are the
vertically moist static energy in the free troposphere of the CP region and the WP regions,
respectively.

radiate to space excess energy that is transported k&sent mass Ruxes through and p,, respectively. We
erally to the CP region from the WP region. The widthdebnell, = p; — p,, I, = p, — p,, andll, =11, +
of the CP ¢.) and the WP §,,) adjust in our model II,, wherep is the surface pressure. The subscripts
so that the vertically integrated energy Bux divergence, andL denote quantities in the boundary layer, quan-
in the CP balances the energy transported by the Wies in the layer between the boundary layer top and
The total width of the basiny = o, + o, is specibed the zero-wind level, and mean quantities for the entire
to be 1.5X 107 m. We also make use of the fractionalayer of easterlies, respectively. Thus, refers to the
widths of the CP ¢. = o./0) and the WP ¢,, = o,/ zonal wind in the boundary layer, represents the zonal
o). See Table 1 for a list of the variables of the modelvind in the layer betweep, andp,, andu, = (u Il
Vertical motion in the CP free troposphere followst u,II,)II;* is the mass-weighted mean zonal wind in
from the balance between subsidence warming and the layer of easterlies. The subscript(for upper layer)
diative cooling. Based on ECMWF reanalysis data, thefers to quantities in the layer of westerlies.
subsidence rate is assumed to increase linearly from zerd’he governing equations for the CP model are given
at the tropopause to a maximum at 600 mb, and to re Table 2. There are 5 equations for the 5 unknowns
independent of height between 600 mb and the TWik,, o, ¢,, w,, andM,; ¢, is the water vapor specibc
This allows us to simplify the continuity equations fothumidity entering/leaving the WP in the lower atmo-
the CP region. A simple water vapor advection modalphere ando, is the subsidence rate at 600 mb in the
diagnoses the precipitable water in the free troposphef&?. HereU, = —u,I1,g~* is the atmospheric mass [Bux
A radiative transfer parameterization, similar to thatirculating through the WP and CP with being the
used for the WP region, gives the radiative cooling racceleration of gravity;s,, represents the mass-weighted
in the free troposphere. As described earlier, we havertical mean of dry static energybetween 600 mb
chosen to bx SSTs for this study. Because stratocumubusd the tropopausé;.. is the mean surface evaporation
clouds in the CP region act primarily as a thermostaate in the CPN.... is the net downward energy RBux at
for SSTs (Miller 1997), we neglect cloud radiative efthe tropopause of the CR,. is the net downward en-
fects in the CP region. ergy Bux at the CP surfacey, is the vertical velocity
Figure 3 illustrates the three-layer structure assumatllevelp,; and 6R,. is the net radiative cooling rate in
for the CP region of the atmosphere. Westerlies and eaite free troposphere. The symhbldenotes the evap-
erlies are conbned to altitudes above and below the presation efpciency, which is debPned ds { P)/E and
sure levelp,. As previously stated, we assume thatthe
zero-wind level occurs at 600 mb, and;spz 600 mb. t The units should be kilograms per second for a true mass RBux,

The pressure leveh,, at the top of the boundary layeryyt the units of, are kilograms per meter per second. This difference
slopes from west to east. The symbafs and M, rep- occurs because our equations describe motions infhelane.
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A TaBLE 1. Symbols used in the description of the model.
c L Symbol Debpnition Value
o, Oy, O Widths of the Pacibc basin, WP, 1.5 X 10" m,
and CP calculated,
calculated
Ng, N., Net surface, top-of-atmosphere Calculated
(TOA) energy Rux
Tew, Tse Mean SST in the WP and CP Specibed
F,, F, Net atmospheric exchanges of  Calculated
energy and moisture between
boxes, normalized by WP
width
< 41, 9u Water vapor specibc humidity ~ Calculated
entering/leaving the WP in the
lower/upper troposphere
h,, hy Moist static energy entering/leav- Calculated
Warm Pool ing the WP in the lower/upper
zp tropopshere
IWP Ice water pathbvertically inte-  Calculated
Cold Pool grated cloud ice in the WP
w, Subsidence rate at 600 mb in Calculated
the CP
> U, Rate at which mass is pumped Calculated
1(z) through the system

Vertical-mean boundary layer Calculated
wind speed at interface be-
tween WP and CP

Fic. 2. Schematic illustrating the idealized vertical temperaturgg
probles in the CP and WR,[andz, are the heights of the boundary
layer and the convective layer (tropopause)].

Gsw Specibc humidity at the surface Calculated
of the WP region
. . . I1,, p Pressure thickness/pressure levelPrescribed
is discussed later. The symbdjs &,, and &, were in- """ of trade wind layerfinversion

troduced for convenience in order to write the momen-
tum equation concisely. These symbols are difbcult to

relate to the expected terms in a conventional set gfpse of P95, M96, and LHK. In these three previous
momentum equations, so they will be derived and digydies and in our study, the mass Rux through the TWI
cussed at length in section 3b below. We show beloy estimated based on the approximate balance between
that theés are functions of the vertical velocity at thesypsidence and radiative cooling in the Tropics. For P95
TWI, the pressure slope of the TWI, the width of the\ng M96, the pressure level of the TWI was assumed,
CP, the horizontal pressure gradient force, and/or th@d so the mean wind speed follows directly from the

drag coefbcient. debnition of mass Bux given above. LHK calculated the
b. CP winds Py
As described by Kelly (1999), the continuity equa .
tions for the lower and upper sublayers of the layer gf Cold-Pool Region
easterlies are
—uglly = wyoe — U, 8py, 1)
—ull, =u épy — (05 — @,)oy, 2) \
where an overbar denotes a horizontal average acrgss PV i p1=1600 mb
the CP regiongp, is the pressure difference at the top_ ? I, -
of the TWI between the eastern and western boundaries X\L\ ,
of the CP region, and the wind speedsandu, are | us I, P
evaluated at the CPBWP boundary. Because the vertigcal A i Ps
velocity is assumed to be independent of heightfpr 5, o

= p = p,, the vertical velocities in the second term on

. . . Fic. 3. Schematic illustrating the structure and terminology for the
the right hand side of (2) cancel. Adding (1) and (22:P region of the atmosphere. Hergis the pressure level separating

and solving foru, yields the lower and upper troposphere and at which the zero-wind level is
- —uq assumed to occup, is the pressure level at the top of the boundary
e Uplly (3) layer; ps is the surface pressur@y, and M, are the mass Buxes
I1, throughp, andp,; u, andu, are the zonal winds in the boundary
layer and in the layer betweer, andp,; o, in this bgure is the
This is a point at which our model diverges fromwestern border of the CP ang the eastern border.

u, =
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TABLE 2. Governing equations of the CP.

Equation Assumptions Principle
=& — 1 & - 4¢¢, Neglects momentum advection Conservation of momentum
o 2,
(h, — hy)U, = (N..c — Ngo)oe Moist static energy transported through convection  Conservation of moist static energy

from WP surface to CP
SST specibed; energy Bux at surface implies ocean
heat transports
(9. — 9)U, = AE. o, Moisture export from CP debned by evaporation efb- Conservation of moisture
ciency A
Moisture export from WP determined by specibed
transport levelp .

OR, dwldp = 0 in troposphere and = 0 at the tropo- Thermodynamic energy
R P, pause
Simple radiative transfer scheme accounts for cooling
due to water vapor
U,— Mo-=0 Atmospheric circulation assumed to be closed Mass continuity

pressure depth of the CPBL based on energy and moksguation (5) states that in a time average, the net RBux
ture balance constraints. The vertical-mean wind spetitough the TWI due to turbulent entrainment is bal-
in their model then follows from the mass continuityanced by subsidence and horizontal advection.

Using values for the subsidence rate and the relativeUsing u,I1, = u,Il, + u Il, to eliminateu, in (4)
area of the CP for the base case of LHK, the impliednd (5), and (5) to eliminatd/, in (4), we obtain a
vertical-mean wind speed in the CPBL at the CPbWjuadratic equation foz,. If the negative square root is
boundary is 39 m s, which is very unrealistic. In our taken to ensure that, is negative, the result is the
model, we compute the vertical-mean wind speed in theromentum equation as written in Table 2, where for
CPBL from a simpliped momentum equation, which isonvenience, we have depbned
explained below. T0,/I1,

As discussed by Kelly (1999), momentum advection ¢ = gpC, — —2%, (6a)
in the Tropics is an order of magnitude smaller than the [1 — (I,/IL,)]% ox
other terms of the momentum equation, and so we ne- _ 1 + (I
glect it. Considering an idealized circulation on the ¢, = D _ 1 L,/ *)]2%, (6b)
equator so that the Coriolis parameter is zero, we have 1 - (I/AL)] [1 - (H,/IL)]% ax
1o _ — U wp . ug P
eMy(u, — u,) — 5#7 + gpCpu3 =0, (4) & [1 — (II,/IL,)] [1 — (II,/I1,)]? ax
wherex is the eastbwest coordinaig,is geopotential _ e (6¢)

height,C,, is the drag coefbcienp is the density of air, ox
g is the acceleration of gravity, aid represents a ver- ) _
tical average in the trade wind layer. The prst term &fiven the vertical-mean boundary layer pressure gradient,
(4) represents an acceleration due to the entrainment@d® vertical velocity at the TWI, and the pressure slope of
air with velocityu, into the trade wind layer. The secondhe TWI, we can use the momentum equation to calculate
term is the vertical-mean horizontal pressure gradietit- AS described later, the pressure gradient can be cal-
force in the trade wind layer, while the last term is th€ulated as a function of the SST and pressure slope of the
surface wind stress. He®, was chosen to parameterizel W1, While the vertical velocity can be diagnosed as the
the surface stress in terms of the vertical-mean wirkbsidence rate needed to balance the free-tropospheric
speed in the trade wind boundary layer. We found th&tdiative cooling rate down the given lapse rate.
C, = 8.0 X 10* gives reasonable results. Since we The sensitivities of the zonal wind speeds in layers
expectu, < 0, we have seti,| = —u, in the surface I, andIl, are examined in Figs. 4 and 5. The solid
wind stress term of (4). This means that the model wouRNd dashed lines in Figs. 4 and 5 correspond to the left
break down ifu, ever became positive. and right axes, respectively. The squares in each plot
Under the assumption that the height of the TWI igen(_)te thg est|ma_ted real-world value for the right-hand
steady (see KRS), the mass Bux through the T™MJ), Y axis, while the circles denote the real-world value for

can be written as the left-handy axis. As one would expect, the mean
wind speed in the boundary layer increases as the slope
M. = _ s 5 of the TWI and the eastbwest SST difference increase.
8Mp Wy u, %)

ox When the SST gradient vanishes, does not tend to
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Fic. 4. The zonal winds in layefl, (solid line) and layerI, Fic. 5. The zonal winds in layefl, (solid line) and layerll,

(dashed line) as functions of (a) the slope of the TWIL®) for an  (dashed line) plotted as functions of (a) the vertical velocity at the

SST gradient of-6 x 107 K m-1, and (b) the SST gradienk(07).  top of the layer of easterlies for an SST gradient-68 X 10" K

In both casesw, = 3.5 X 102 kg m=2 s-1. The dot and square M *, and (b) the fractional width of the CP for an eastbwest SST

represent the mean valuesigfandu, , respectively, estimated from difference of 6 K, an eastbwest difference in the top of the TWI of

the observations. The solid and dashed lines correspond to the RH0 Mb, and:, = 10 m s*. The dot and square represent the mean

and right vertical axes, respectively. values ofu, andu_, respectively, estimated from the observations.
The solid and dashed lines correspond to the left and right vertical
axes, respectively.

zero, because it depends on the vertical velocity, which

is assumed to remain constant in these plots. We wo bound | ind d 50 d
expect the vertical velocity in nature to respond t§'€ boundary layer wind speed must also decrease.

changes of the SST gradient. Note also thadecreases Kelly (1999). showed that the mean boundary layer
by less than 1 m as the slope of the TWI increasedréssure gradient approximately satispes

st TWI pressure level difference are specibed), and so

through the range depicted in Fig. 4. For this reason, 10 1 R T,
we chose to specify the eastbwest pressure difference o oM. p. ax (7)
for the TWI. o s

By continuity, the wind speed in the upper sublayeFor a spatially uniform temperature gradient, (7) indi-
of easterlies must decrease igsincreases, if the masscates that the pressure gradient force varies horizontally
Bux through TWI remains constant. This is what we safue to the variation of the boundary layer pressure depth
in Fig. 4. Based on observations discussed by Hastenraiid surface pressure. The magnitude of the pressure
(1998), the mean wind speeds in each layer are estimatgeldient force increases with the SST gradient.&of
quite well. In Fig. 5, we see that the behavior of thex = —6.5 K m%, p, = 800 mb, andp, = 1000 mb,
winds with respect to vertical velocity and fractional7) gives a pressure gradient of 2010-5 m2 s-2; this
width of the CP is complex. As a function of the verticatompares well with- (9¢/dx) = —2.5X 105 m2 52,
velocity, the wind in the TW layel,;, has a pronounced which is a mean pressure gradient for the CP region as
maximum neatw, = 0.015 Pa st, for the given set of estimated from the ECMWF reanalysis dataset.
specibed parameters. This maximum is due to the qua-An additional simpliPcation can be made. From (4),
dratic form of (4). As the fractional width of the CPthe mean CPBL pressure gradient is inversely propor-
increases, the SST gradient and gradient of TWI pressti@nal to the surface pressyse The ECMWF reanalysis
level decrease (the eastbwest SST difference and eai®ws that the variation of surface pressure across the
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Fic. 6. Vertical velocity over the eastern, equatorial PaciPc as aFic. 7. The specibc humidity proble which results i, = 302
function of pressure. The dashed curve shows monthly mean valuesw = 65 kg m2, and RH= 80%. The black dot represents the

for Jan 1989 from the ECMWF reanalysis dataset. The solid curegfective pressure level from which the free-tropospheric mass Rux
shows values computed from the modelOs thermodynamic enefigisports water vapor.
equation.

energy equation from the National Center for Atmo-
equatorial Pacibc is less than 1%. Taking advantage sgheric ResearchOs Community Climate Model version
this small variation, we assume that' $ p;*, where 3 radiation code using ECMWF temperature and mois-
in this case the overbar represents the zonal averagetiome probles as input. Figure 6 shows that the monthly
the CP. We assume that = 1003 mb. mean vertical velocity proble from the ECMWF re-
analysis dataset (dashed curve) and the vertical velocity
proble obtained using the thermodynamic energy equa-
tion (solid curve) agree fairly well in the mid- and upper
Following previous box studies (e.g., P95), we asroposphere. Our parameterization overestimates the
sume that the radiative cooling of the free troposphegrtical velocity by 100% as compared with the
is balanced by adiabatic compression and sinking. ARCMWF reanalysis dataset at lower levels, but slightly
described later, our radiation parameterization requirgiderestimates the subsidence rates in comparison with

the vertically integrated water vapor as input, and regetts and Ridgeway (1989) and LHK.
turns the net radiative Bux for the slice of the atmosphere

over which the column water vapor was computed. Giv; CP budeet
en the simplibed nature of this radiation scheme, it does uasets
not seem prudent to compute the vertical velocity level A derivation of the moist static energy budget (Table
by level for the CP free troposphere. Instead, we cord) is given in appendix A. We determine the left-hand
pute the radiative RBux divergence for the free tropaside of the moist static energy budget independently of
sphere, and compute, for a simplibed free-tropo- the right-hand side. Her&, is known, andk, andh,
spheric divergence proble. Although we could assuncan be calculated. The quantiiy is the mass-weighted
that the vertical velocity is independent of height as isertical-mean moist static energy in the layer of east-
M97, it seems somewhat more realistic to assume thadies, which is exported to the WP, ahgd is the moist
dwldp is constant with height in the upper tropospherestatic energy in the upper troposphere of the WP region,
Assuming thatw = 0 at the tropopauséw/dp is con- which is exported to the CP. Under the assumption that
stant in the upper troposphere, abd/op = 0 in the convecting parcels in the WP originate from near the
lower troposphere, we can derive the thermodynamsurface,h, = ¢, Ty, + Lgg,, Wheregg, refers to the
energy equation given in Table 2, based on the observggecibc humidity at the surface in the WP region. We
balance between the radiative cooling rate and adiabat&@lculate the lateral energy transport in the lower-tro-
compression/sinking. pospheric layer a#/,h,. The quantitys, may be ex-
For a typical moisture and temperature proble fromlicitly calculated given the lapse rate in the CPBL, the
the ECMWF reanalysis dataset, we have computed ttemperature at the base of the layer, and water vapor
proble ofw using the thermodynamic energy equatiorcontent. The mean lapse rate in the CPBL is assumed
We calculated the radiative Buxes in the thermodynamig satisfyl', = I',(1 — RH) + T, ,(RH), wherel', is

c. CP subsidence
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the dry adiabatic lapse rat€, ; is the moist adiabatic sumption that relative humidity is independent of height
lapse rate at the surface, and RH is the surface relatigein broad agreement with observations during con-
humidity. The moisture contribution of the moist stativectively active periods during the Tropical Ocean and
energy isLq,l1, g *, whereg, is the mass-weighted ver-Global Atmosphere Coupled OceanbAtmosphere Re-
tical-mean specibc humidity in the CPBL. If we dividesponse Experiment (Brown and Zhang 1997). The sur-
the moist static energy equation lay,, then the left face humidity assumption (described in detail in KRS)
hand side is equivalent 6, the lateral heat exchange relates the surface relative humidity to the ratio of the
which is debned later [see Eq. (13)]. column water vapor and the saturation column water
A derivation of the moisture budget (Table 2) is givewapor, that is, the column water vapor that would exist
in Kelly (1999). We have specibed an evaporation eff the entire column were saturated. This assumption
bciency, and sa is the fraction of the evaporated watemllows us to use precipitable water as an independent
vapor that is available for export to the WP. Withouvariable, rather than specibc humidity. The precipitable
accounting for CP precipitation in some way, thevater is not very dependent on the vertical proble of
amount of water vapor exported to the WP in this modeélative humidity in the upper troposphere, because most
is too large. The overabundance of water vapor caf the water vapor resides near the surface.
partially be explained by our assumption of a closed We assume that the mean evaporation rate can be
circulation in the atmosphere. Rainfall in the CP seenagetermined by using the arithmetic average of the zonal
to be related to incursions of the ITCZ or to passage @find speeds at the east and west boundaries of the CP
transitory waves such as the MaddenbJulian oscillation.the bulk parameterization for evaporation. We as-
Our assumption of an evaporation efbciency providesime, based on the ECMWF reanalysis, that the surface
a crude mechanism for exploring the effect of precipgelative humidity in the interior of the CP region is
itation in the CP on the zonal circulation in the equasimilar to that in the WP region. As described above,
torial atmosphere. It can be shown tigis proportional the wind speed, surface temperature, surface pressure,
to the net evaporation rate in the CP. and vertical-mean specibc humidity of the CPBL are
If we specify the vertical variation of relative hu-required in order to calculate the evaporation rate.
midity and zonal wind at the CPBWP boundary, then It remains to relate the surface evaporation rate to

we can compute, from boundary layer wind ,, which is diagnosed by the mod-
el. We simply specify the transfer coefbcientso as
— iyt O/Q] d to compute the evaporation rate from the mean boundary
v=28 "Ya o P layer wind speed rather than from the 10-m wind (Dear-

dorff 1972). We specify the heat transfer coefpcient to

and estimate the pressure level to whigltorresponds. be ¢, = 8.0 X 10~*. The computation is based on the
Figure 7 shows an example for which the zonal windelative humidity RH= ¢./¢s.(Tsc, Psc), Whereg, is
decreases linearly to zero at the TWI from its maximurthe near-surface specibc humidity ang(7sc, psc) IS
at the tropopause and the relative humidity is indepethe saturation specibc humidity debned by the surface
dent of height. Under these conditiogs,= 2.5 g kg, pressure and’,.. Here RH has been assumed to be the
which for the given relative humidity proble, impliessame as that in the WP and the airbsea temperature
that the effective level from whicly,, transports water difference has been neglected. The mean evaporation
vapor is approximately 400 mb. This effective transporate follows as
level is not very sensitive to lapse rate variations, which _
in turn dependyon the WP SSF')I', precipitable water, and Ec = ey max(fus |, tnn)qsaTsc, Psc)(1 = RH)p, (8)
cloud cover. For SSF 302 K andiTs/ox = —6.4 X  whereu,,, is the zonal wind speed on the eastern bound-
107 K m1, the effective water vapor transport levehry of the CP. We specify,,, = 3 m s * for the purpose
increases by 25 mb as the precipitable water decreaségalculating the mean evaporation rate.
by 20 kg m2. For W = 55 kg m2 andoT/ox = —6.4 To very good approximation, the specibc humidity of
X 10-7 K m~1, the effective water vapor transport levethe air in the mid- and upper troposphere is conserved as
increases by 5 mb as the SST decreases by 4 K. Foraverses the equatorial Pacibc Ocean (SalatieeHart-
SST= 302 K and W= 55 kg m2, the effective trans- mann 1997). East of 100/, the specibc humidity of the
port level increases by 23 mb and decreases by 10 ribat mid- and upper levels increases as it moves eastward.
as the SST gradient is doubled and halved, respectivehhis moistening occurs due to meridional exchanges and
Given its relatively small sensitivity to the model varconvection near the South American coast. We ignore me-
iables, we calculateg, based on an assumed bxed efidional exchanges and convective processes in the CP,
fective transport level. assuming instead that the air continues to subside there.

For the box model, we obtain the relative humidityxtremely low relative humidities and specibc humidities
at the WP surface from a surface humidity assumptiowould be expected at low levels just above the TWI if
which relates the surface relative humidity to the columtiese moistening processes could be suppressed.
water vapor, and then assume that the relative humidityWe therefore assume that the precipitable water in the
is independent of height in the troposphere. The a&P follows from the water vapor proble in the WP. As
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Fic. 8. Schematic illustrating the advection model for water vapor in the CP regipis the
pressure level at the top of the boundary layer; is the minimum advection pressure levgl;
is the pressure at the top of the convective layey;in this Pgure is the western border of the
CP ando, the eastern border).

shown in Fig. 8, the vertical specibc humidity probland surface in terms of the surface temperature and
of the WP for the model rotates to become the horizontptecipitable water. These parameterizations are based
specibPc humidity proPle just above the CP TWI. Then the bndings of Stephens et al. (1994), who related
amount of water vapor in the CP then follows from thehe longwave radiation Rux at the surface and TOA to
amount of water vapor in the WP column above thgST and precipitable water. It is convenient to use this
altitude from which the air was advected. For exampl@arameterization in our model, because it is simple and
suppose that the outBow proPle in the WP is such theflatively accurate but does not depend on the details
air just above the TWI in the CP was advected frorgf the water vapor proble. The climatological relation-
500 mb and above. Then the precipitable water in thghips retrieved by Stephens and colleagues do, of
CP can be calculated by integrating the WP moistuggyyrse, implicitly depend on the vertical distribution of
proble from 500 mb to the tropopause. We refer to thigater vapor, CQ, and other greenhouse gas absorbers,
level as the minimum advection level.(,). The min- ,,t we do not have to concern ourselves with these
imum advection level is equivalent to the effective watgfa,ils.

vapor transport level described above only if the zonal Although the climatological relationships between ra-

wind is uniform with height. Because air advected fronaiative Ruxes and SST and precipitable water provide

400 mb and above does not resultin large enough Val"LSﬁgwave Ruxes at the top and bottom of the atmo-

of precipitable water to achieve realistic radiative coo Sphere, they do not give the net Ruxes in the free tro-

ing rates,p,,,, must be at a lower altitude than the ef- :

fe%tive Wgter vapor transport level. We choose to s sphere. We need the net Buxes n the.free troposphere
.= 500 mb. The solution is not véry sensitive to th order to calculate the subsidence rate in the CP region.
choice of effective water vapor transport level, becau i "eelo'.”g with our phllosophy of maximum simplicity,
the main source of water vapor in the CPBL is evagle continue our reliance on idealized methods for the
oration not vertical advection. The solution is howevegaiculation of the radiative cooling rate in the CP region.
highly sensitive to the choice of,,, since the radiative 't Would actually be easier to use an existing GCM-style
cooling rate depends on the precipitable water. Laterv(,gdlagve transfer parameterization. However, given .the
examine the sensitivities of our results to this assumpMPliPed treatment of the vertical probles of relative
tion. Our approach is based on the assumption that giimidity and temperature in our model (and in other
vection controls the speciPc humidity of the CP freB0x models), it seems inappropriate to use a detailed

troposphere; in this respect we are following Saatﬁgdiative t_ransfer param_eterization. The following sec-
and Hartmann (1997). tion describes how we diagnose the longwave radiative

cooling rate in the free troposphere.
In order to compute the radiative cooling rate of the

e. CP radiation .
gfe troposphere, we write the clear-sky longwave Buxes

Just as in KRS, we parameterize the net clear-s
longwave radiation at the top of the atmosphere (TO the TOA and surface as
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R.o = oTi(1 — €})A — &f) Plots of the emissivity as a function of water vapor are
shown in Rodgers (1967) and in Stephens and Webster
+ oTie;(1 — &) + oTi*e}: (9a) (1979).
Rsoy = 0T — oTtey; — oT%ex(1 — &), (9b) Following Lacis and Hansen (1974), the transmis-

sivity of shortwave radiation through the atmosphere
respectively. Hereg refers to the emissivity, the sub-js calculated as a function o¥. = W, + W,, the
scriptsB and F refer to quantities associated with theprecipitable water in the CP, and on the solar zenith
boundary layer and free troposphere, respectively, agfigle.

the superscriptst and — denote quantities associated
with upward and downward Ruxes, respectively. Fo
example,s, refers to the downward emissivity in thd: WP model

free troposphere. In general, the upward and downwardThe model of the WP region is similar to that de-
emissivities of the free troposphere and boundary laye¢ribed in KRS and is described in detail there. We give
differ (Rodgers 1967). We assume for simplicity thagnly a brief description here, focusing on the differences
T, the emission temperature of the boundary layer, ig the newer version. Refer to Table 1 for a description
the arithmetic mean of temperatures at the top and b the variables used. The model includes an explicit
tom of the boundary layer. The emissivities can be evahoisture budget, a simple convection parameterization,
uated, as described below. Because the left-hand Sidﬁgimple but physically based radiation parameteriza-
can be computed (using the radiation parameterizatigon, and interactive clouds. The underlying surface is
described in KRS), we can solve foy. ~ afid , whiclkhssumed to be ocean of specibed SST. The independent
are the upward and downward emission temperaturesi@friable is the vertically integrated water vapor content.

the free troposphere. The clear-sky longwave radiative Buxes are calculated
Neglecting shortwave absorption, the radiative cooks functions of SST and precipitable water, based on the
ing rate of the free troposphere follows as methods described in Stephens and Greenwald (1991).
SR. = et0T+ + e=0T=4 In our simpliped treatment of shortwave radiation, the
Ia F F F F

only absorbers of shortwave radiation are stratospheric
— gf[oT%(1 — &;) + oT%e;]. (10) ozone and tropospheric water vapor. The lower-tropo-

... spheric lapse rate and surface evaporation rate are de-
We neglect the effect of CPBL clouds on the radiativ rmined as functions of the SST and precipitable water.

cooling_of the free troposphere, because they have o Youd optical depth is parameterized as a function of

?Iergirgklg%In(]aiggicvtitglsfgarptﬂgnéparrgi\é\aeibss;earr;mggﬁe)ﬁ;%fe water path, which in turn is a functlon of SST and

as ecipitable water. Clouds ref3ect in the shortwave and
emit and absorb in the longwave. A stratosphere in ra-

&( _ diative equilibrium limits the depth of the convective

ers = OQla; logW,,)', (11) Jayer.

-t The hydrological cycle has been generalized (relative
where the coefbcientg, are described in Rodgersto KRS) to include the effects of sublimation on the WP
(1967) andw, and W, are vertically integrated water water vapor budget. As discussed in appendix B the
vapor in the free troposphere and CPBL, respectivelgteady-state solution for ice water path (IWP) is

2
2xcP 1+ 1 +
XP— <+ (XP)2+'£(— 2SR X+—(u€2
Ig Ig Ig tprec Ig z‘prec

WP = (12)
+
UL G E(

tprec Is

if the effects of sublimation and cloud fraction are in- Figure 9 shows that IWP increases with WP SST
cluded in a simple way. Hererepresents the value of(7y,) and decreases with WP precipitable wat®f, ]
IWP for which the cloud fraction is 0.5¢ is a nondi- for bxed lateral moisture and energy transports in the
mensional parameter discussed in KRR, is an au- WP. The precipitation rate was calculated fraty =
toconversion timescale for the removal of ice by strak,, + F,, whereE,, is the evaporation rate calculated
iform precipitation, and, is a timescale for the subli- from the bulk formula and’, is the vertically integrated
mation of cloud ice. moisture convergence. A surface humidity assumption
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IWP, kg m™ increases, the residence time for cloud ice in the at-
mosphere increases, and so the IWP is in equilibrium
for larger values. As discussed in appendix B, the cloud
fraction is parameterized to increase as IWP increases,
and so f must increase as,.. increases. Fractional
cloudiness ranges from negr= 0.65 forz,,.. = 1000

s to nearf = 0.85 forz,.. = 5000 s for case two. The
effect of sublimation in our model is to reduce the cloud
fraction in comparison with case two. The sublimation-
induced decrease in cloud fraction becomes more pro-
nounced as,.. increases.

Figure 10 also demonstrates that calculating instead
of specifying the cloud fraction can affect the net ra-
diative balance at the top of the atmosphere. As the
cloud fraction increases, the shortwave 3ux at the sur-

FiG. 9. IWP computed from (12) as a function of WP SST and face decreases. The increased precipitable water for cas-

precipitable water. . .

es two and three (relative to case one) increases the

opacity of the atmosphere to longwave radiation. As a
described in KRS and used here, relates the surfa@sult, the net longwave radiative Bux at the surface
specibc humidity to the column water vapor, andggo decreases and therefore compensates for the weaker
is a function ofT, and W,,. For this plot, we chose shortwave energy input at the surface. The radiative
fee = 1000 s andr, = 21 600 s (6 h), neglected theeffects of the cloud and the precipitable water combine
vertically integrated water vapor convergence in the Wi reduce the net radiative Bux at the TOA, as compared
assumed that = 0.05 kg nT2, and specibed the surfacewith case one. The albedo effect becomes slightly more
wind to be 5 m st. Note that the specibed timescaléntense with the cloud fraction being computed rather
for sublimation is much longer than that for stratifornthan specibed. The net downward energy Rux at the
precipitation. From our surface humidity assumptionffOA decreases by 1 W m for 7, = 1000 s and
the relative humidity of the near-surface air decreasegcreases by only 5 W m for 7,,.. = 5000 s, as com-
as the SST increases and precipitable water decreaggsed with the case with bxed cloud fraction. The net
and so the evaporation rate increases. This produceBux at the TOA ranges between 100 and 90 W2m
larger precipitation rate, and from (12), increases thghich is quite realistic. These results illustrate a sen-
IWP. Becausef is assumed to depend on IWP [(B4) irsitivity of the net cloud forcing (relative intensities of
appendix B], the dependence of fractional cloudinesie albedo effect and greenhouse effect),tq, which
on Ty, and Wy, is similar to that of IWP. was described in detail by KRS. These results do not

Figure 10 presents cloud fraction, precipitable wategddress the sensitivity of the net cloud radiative forcing
and net radiative Bux at the top of the atmosphere, rgy changes of cloud fraction. Although the curves cross

spectively, for the WP and as functionsigf,, the spec- in Fig. 10a near,,., = 1500 s, the solutions differ be-
iPed timescale for the autoconversion of cloud ice teause the cloud optical depths differ.

snow, for three simulations performed with the WP

model in stand-alone mode. We have assumed a surface

wind speed 65 m s, T, = 300 K, and a lateral latent 5. Coupling of the CP and WP atmospheres

heat Bux of 100 W m? into the WP column. In the pbrst

case, the cloud fraction was specibed as 0.7 (solid line).Up to this point, we have been discussing the energy
In cases two and three, the cloud fraction and IWP weg&d moisture balance equations for the CP and WP sep-
calculated from (B4) and (12), respectively. In order t@rately. However, for equilibrium to exist, the two-box
demonstrate the effects of our sublimation parametegystem must be in energy and moisture balance.
zation, we set, — « for case two and, = 6 h forcase ~ The major differences between KRS and the present
three. As can be seen from the plot, the cloud fracticstudy are that the wind stress and lateral heat and mois-
f increases as,..increases for cases two and three. Agire exchanges between WP and CP are now calculated.
discussed in KRSy, .. represents the timescale for reThe lateral heat and moisture exchanges between the
moval of cloud ice by stratiform precipitation. As.. WP and CP are debned as

-

FiG. 10. Plots of (a) cloud fraction, (b) precipitable water, and (c) net radiative Rux at the top of the atmosphere as funcfionthef
timescale for autoconversion of cloud ice to snow. For the brst case, the cloud fraction (solid line) was specibed; for the second case, the
cloud fraction was calculated, but the effects of sublimation were neglected (dashed line); for the last case, the effects of sublimation were
included in the calculation (dotted line).
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rapidly compared to the fractional widths of the WP and

U,h, — h,) CP, the WP model is integrated in time until an equi-

Fy = oy ' (133) jibrium is found. Because the ocean mixed layer is as-

sumed to be inbnitely deep, SST in the WP and CP

. U.(g. — q.) (13b) cannot change. After the WP has equilibrated, a new
=,

oy value fora. is computed and then compared with the
) ) current value. If the difference between these values is
In debning (13), we have assumed thatvanishes at sma|l (and the atmosphere is energetically balanced to
the western boundary of the WP, and so the verticallyithin 0.1 W m2), the solution is accepted. If not, then
integrated Bux dlvergepce of moist static energy angnew value ofi,. is computed from (17), and the process
latent heat are determined by the Bow at the eastg&epeated. The goal is to bnd a solution in which the

boundary of the WP. . time rates of change are small for WP precipitable water,
Energy and moisture balance for the Walker circlsng fractional widths of the CP and WP. The solution
lation are given by occurs for the fractional widths of the CP and the WP

0e(Noe — Ngo) + 0y(Now — Ngw) = 0, (14a) in which the mean surface energy Bux for the Walker
circulation is balanced by the mean TOA energy [Rux
oAE. + oy (E, — P,) =0, (14b) forthe Walker circulation. Characteristics of the solution

whereA is an evaporation efbciency that specibes t e discussed in the next section. As mentioned before,
proportion of evaporated water vapor that is exported® OO§||{Eg—deE)|(|aEdeg_tOO begawor has no meaning; only
to the WP region. Using the debnitions (13a) and (13 € equilibria will be discussed.

in the moist static energy and moisture budgets (in Table

2), respectively, and substituting the results in (14a) ad Tests of the CP model

(14b) to eliminate the WP quantities, we have As discussed earlier, we specify the minimum pres-

0¢(N.c = Ng¢) — oy F, =0, (15a) sure p,,,) level from which water vapor from the WP
troposphere can moisten the interior of the CP region.
oAEc = oyF, = 0. (15b)  Because air traversing the CP free troposphere sinks,
We need not consider (15b) further, because we hawater vapor that emerges from the lower troposphere
shown previously thaf, is derived directly from the would not travel far before subsiding through the TWI.
mean evaporation rate for the CP. Thus (15b) is idefhe value ofp,,, depends on the vertical structure of
tically satisPed. As discussed previously in section 3the Walker circulation, the meridional Hadley circula-
F,, is derived independently of the atmospheric enerdion, and the frequency of deep convection. A series of
balance for the CP, and so (15a) is not automaticalfyns described in the next paragraph are designed to
satisbed. It can thus be used as a constraint on the sllgstrate the sensitivity of the circulation in our model
tem, which we can use to computs,. to p.... For each of these rung, = 303 K, T, =
Dividing through byg, recalling thata,, + a. = 1, 296 K, andW,, = 50 kg m 2.
and debning:,, = o, /0 anda,. = o /o, (14a) may be  Figure 11 shows how the circulation changepas
rewritten as varies. Asp,,, increases from 400 to 700 mb, the pre-

. cipitable water in the CP free troposphere increases from
s N = Nyo) 16 3 to 13 kg m2 (Fig. 11a). As the precipitable water
dc = (Now — Ngw) (16) increases, so does the radiative cooling rate. Because

, . subsidence approximately balances radiative cooling,
Although (16) gives us a method to solve fordirectly, the subsidence rate must increase as the radiative cool-
the evolution of the system to equilibrium is muchng rate increases, which is what we see in the bgure.
smoother if we treat the time rate of changespfas a cqnsistent with the enhanced subsidence rate, the mass
relaxation process. Hence, we assume that the fractiopgl also increases with the,,,. Because we have bxed

width of the CP evolves according to the SST and the fractional widths of the WP and CP
ac — acly  a: — agly for this plot, F,, the lateral energy Bux, must increase

A : (17) asp,,, increases. As we see from Fig. 1H), increases
ac from 25 to 200 W m? through the specibed range of

wherea, is the new valueq..|, is the fractional width p.,,. For the two-box model, the SST or precipitable
obtained from (16)q% is the fractional width from thewater difference between the CP and WP would have
previous time step,  is a time scale for the relaxatioilw decrease in order to balanég, with the vertical
process, andy is the time step. energy Rux divergence of the CP atmosphere. Our mod-
Equilibria of the system were obtained numericallgl assumes that the width of the CP adjusts so as to
using a simple time-marching procedure. The methathieve this balance. In nature, SST could also vary.
of solution is as follows. Under the assumption that the The mechanism identibed in the preceding paragraph
energy and hydrological cycles of the atmosphere adjusiggests a feedback. As discussed in KRS, the tropo-
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pause height and temperature increase and decrease, re-
spectively, as the surface temperature, precipitable wa-
ter, and/or cloud fraction in the WP region increase. As

a result, the air which is transported laterally from the
upper troposphere of the WP to the CP will be drier
where the tropopause is higher. As shown in Fig. 11a,
drier air would have a smaller vertical velocity and
hence would slow the circulation. This is similar to a
feedback mechanism proposed by Lindzen (1990). We
return to this point later.

7. Results

Table 3 presents the results for our base case. Based
on data from ECMWF reanalyses, we have specibed
T, = 303 K andT,, = 296 K. As shown in Table 3,
the values of the precipitable water in the WP and CP
are 53.8 and 18.1 kg m, respectively,F, = 110 W
m-2, and F,, = —57.4 W m2, For the lateral heat
transports, a positive value indicates a net transport of
energy from the CP to the WP. In KR8, andF,, were
prescribed based on observational estimates as 100 W
m-2 and —60 W m~2, respectively, so transports sim-
ulated by this model for the base case are quite realistic.
The precipitable water values simulated for the rising
and sinking branches of the zonal circulation are quite
realistic as compared with a 10-yr SSM/I satellite dataset
(Fig. 12). In particular, the precipitable water in con-
vecting zones of the tropical Pacibc Ocean (the WP and
South Pacibc convergence zone) is larger than 50 kg
m~-2; in the tropical eastern Pacibc, strong subsidence
and infrequent convection result in precipitable water
less than 20 kg n? over a large area.

To further understand the sensitivities of our model,
consider Fig. 13. Figure 13a presents the equilibrium
values of precipitable water and WP fractional width as
functions of T.. Unless stated otherwiséy, = 303

Fic. 11. Stand-alone results for the CP atmosphere. For these siKl- As can be seen from the Pgure, increases at a

ulations, SST in both regions and precipitable water in the WP regicm
were specibed. The value pf,, was varied. In each of these panels
the solid and dotted lines are associated with the left and right ax

oderate rate from near 0.01 f@f, = 292 K to near

Q2 for T, = 296 K. Within thisT,, interval, the pre-

respectively. (a) Precipitable water (solid line) and vertical velocitgipitable water,W,,, decreases by less than 2 kg'in
at the TWI (dotted line); (b) the mass RBux (solid line) and laterafs T, increases from 296 to 300 K, both, and W,,
energy transport (dashed line) associated with the Walker circulatigpcrease strongly. HerE, andF,, steadily decrease and

Precipitable Water, kg m2

120 E 150E

180 150 W 120 W

Fic. 12. Contour plot of precipitable water (kg 1) from SSM/| satellite observations for an
average of Jan between 1988 and 1991. The contour interval is 5Rg m
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TABLE 3. Base case results.

Variable Fixed SST Mixed layer SST
Fractional width of the WPd(,) 0.207 0.127
Wy 53.8 kg n? 55.6 kg nr?
Ty 303 K 305.3 K
We 18.1 kg m2 18.7 kg m2
Ty 296 K 298.5 K
Maximum vertical-mean zonal wind in the CPBL —5.6 ms? —5.4ms?
Surface latent heat Bux in CPBL 112.3 Wn 137.2 W m2
Lateral moist static energy transpof,() —57.4 W m? —80.7 W m?
Lateral latent heat transporf () 110.9 W nr2 244.2 W nr2
Mass RBux (,) 1.82X 10 kg mtst? 190X 10 kg mts?

increase, respectively, d§, increases untif’y, = 298 precipitable water and CP SST increase, the vertical
K, at which point their slopes decrease markedly (Figgnergy RBux divergence of the CP surpasses the lateral
13b). In Fig. 13c, we see a maximumof nearTy, = energy transport from the WP. Hence the fractional
297.5 K and a minimum of:, near 295.5 K. These widths of the WP and CP must adjust in order to balance
seemingly disparate behaviors can be explained as ftite CP energy budget. As the fractional width of the
lows. CP decreases, the magnitudesRfand F,, increase
The required variation of,, as a function off’, is  (becauses,, is in the denominator), an#,, must in-
determined by the difference between the surface agebase slightly in order to restore energy and moisture
TOA energy Buxes in the WP. For this study, we havealance to the WP. However, the initial decreaséVgf
assumed that the atmosphere alone must responddtfe to the adjustment of the WP is larger than this slight
changes in net Ruxes across the atmosphere. As shqwirease.
in Fig. 14b, the energy Buxes at the top and bottom of pespite drying of the WP ag,, increases, the mean
the atmosphere increase Ag increases. However, theyind speed in the layer of easterlies ) increases with
energy Bux at the surface increases at a much faster ratefor 7., < 296 K. This behavior is related to changes
than that at the TOA. The lateral transport of moist statig the vertical velocity. Although the precipitable water
energy from the WP must therefore decrease, consistgRkreases slightly in the CP free troposphere, the ra-
with Fig. 13. The net energy Bux at the surface of thgiative cooling rate increases slightly @s, increases.
CP region exceeds the net energy Bux at the TOA g{;rthermore, the difference in dry static energy between
the CP region. A4, increases, so does the dlfferenane boundary layer and troposphere decreaseg,as
between energy Buxes at the surface and TOA (Figicreases. Because we assume that the radiative cooling
14a). Because the CP imports less energy from the Whig i pajanced by subsidence heating, these two factors
as Ty, increases, energy balance dictates that the Gkq 1t in stronger subsidence. It can be shown that
must shrink asT, increases. These results provide g o,hqirained by the width of the CP and the vertical

basis to explain the behaviors of the other quamiti%locity. Even though the width of the CP shrinks, the

shown in Fig. 13. . : X . : .
X - increase in vertical velocity dominates, and isoin-
As T, increases (for, Pxed initially), the mean . ;
wind speed in the CPBL decreases and the surface evgbqa:as%snzlnghtE/ fz%r7tr|1<e trﬁggs%;jaﬁgg bKécomes much
oration rate in the CP decreases. Because we have as><Y .g.E _t ; ’ B The adiust i
sumed that the evaporation efpbciency is bxed, a ore sensitive to increases Bj;. The adjustment pro-

creasing surface evaporation rate in the CP implies tHziSS IS similar to that described above./Asincreases,
less moisture is being supplied to the WP, andrgo M€ €nergy Bux convergence of the CP increases rapidly
decreases. A weaker SST gradient caugds decrease (F19- 14a), which requires,, to increase rapidly. As
and thus contributes to a weaker evaporation rate in tRgfore,Ww,, increases as,, increases in order to balance
WP. These two effects combine to decreaisge. the WP energy budget. In this regim#/, increases

In our model, the lapse rate and water vapor distAbuch more rapidly. _
bution in the CP free troposphere are controlled by the In summary, the precipitable water in the WP must
WP. BecauseW,, decreases, the CP free tropospheiary in order to accommodate the agsumed moisture
dries. Consequently, the radiative cooling rate in the c@nd energy balance of the system.Ag increases, the
free troposphere and, thus the subsidence rate, decreiz@rgy Rux divergence in the CP increases. The frac-
slightly. By mass continuity, a weaker subsidence rat®nal width of the CP must adjust to restore energy
leads to slower easterlies. As a result, the Walker cipalance. As the fractional widths change, however, the
culation slows, and’,, increases anfl, decreases (their energy and moisture budgets of the WP become un-
magnitudes decrease). balanced. Thudy,, must vary in order to restore energy/

The adjustment process described above balancestheisture balance for the WP. For cases in whigh
energy budet for the WP but not for the CP. As thancreases moderately ang decreases witlf,,, the pre-
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Cold Pool Net Energy Fluxes
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7.0 -45 Fic. 14. Same as Fig. 13, except that energy RBuxes for the surface
292 294 296 298 300 (solid line) and TOA (dashed line) are plotted for (a) the CP and (b)
Tgr, K the WP.

Fic. 13. Walker circulation as a function of CP SST for the at-
mosphere-only model. The WP SST was specibed as 303 K. For eggipitable water decreases. For cases in whighin-
of these plots, the solid and dashed lines are associated with the lgffnases strongly ang, increases with',., W, increases.

and right-hand axes, respectively. (a) The fractional width of the WP : _ : T
and precipitable water in the WP region; (b) the lateral moist static The maximum Of”B near”y, = 297 K is quite in

energy and lateral latent heat transports between boxes; (c) the mé@RESting. We prescribed the eastbwest SST_difference
zonal winds in the boundary layer and in the layer of easterlies. for each case and the eastbwest pressure difference at
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40 L e B e m the vertical energy Bux divergence of the CP atmo-
L 1 sphere, debned &5,. = N... — N, for three specibed
2oL ’—\ values of IWP as a function af,,. According to [(B4)
71 in appendix B], the specibed IWP values of 0.05 (solid
- 41 line), 0.10 (dotted line), and 0.15 kg th(dashed line)
20 | resultin cloud fractions of 0.5, 0.67, and 0.75, respec-
tively. For these runs, we specibé&g, = 303 K and
I 1 Tg = 296 K and searched for solutions. If a solution
10k | exists, then the curve crosses zero, thawis, = 0, for
a given IWP andu,. As can be seen from the bgure,
no solution exists for the three specibed values of IWP.
0 — For our base case, IWR 0.12 kg nr2 and f = 0.71,
S~ which produce net cloud radiative forcings-e%.5 and
S~ o —125 W m2 at the top and bottom of the WP atmo-
10 - T e e oo - sphere, respectively. If we had plotted our base case
L with IWP = 0.12 kg m2, the curve would have crossed
20 T zero fora, = 0.207. This highlights the strong sensi-
0.0 0.1 0.2 03 0.4 0s livity of the solution to the cloud radiative forcing in
the WP. Of course, we could have found solutions for
the different values of speciped IWP if we had allowed

Fic. 15. The net energy imbalance of the QB,., plotted as a i
function of specibed WP fractional width for IWP values of O.Oghe SST to vary. Althoth the preC|p|tabIe water can

(solid line), 0.10 (dotted line), and 0.15 kg-fn(dashed line). vary as a function,,, the lateral energy transport from
the WP cannot balance the vertical energy RBux diver-

gence of the CP unless the cloud radiative forcing rate

the top of the TWI as 200 mb for all cases. As thé just so. Ramanathan and Collins (1991) proposed that
fractional width of the CP decreases Wm, the pres- hlgh clouds over the WP affect the WP SST; our result
sure slope of the TWI increases. Even though the ea&@#Mms to indicate that WP clouds exert a remote effect
west SST difference decreasedgsincreases, the mag-on the circulation. .
nitude of the SSTgradient has a minimum afy, = Table 4 shows that the solution depends not only on
297 K. Here we debne the SST gradientods/ox = the SST gradient, but also on the individual values of
(T, — Tyy)lo. under the assumption that SST varieds: andTy,. For the OOwarm case,OO we spé&cgjped
linearly in the CP. Foff’y, > 297 K, the magnitudes of 305 K and7; = 298 K, consistent with the 7-K eastb
the pressure gradient of the TWI and of the SST gradiewgst SST difference in the base case. In response to
increase ag, increases, and they therefore produce Righer SSTs across the Tropics, the CP energy 3ux di-
maximum ofu,. As the CPBL wind speed increasesyergence increased, but the vertical velocity just above
the surface latent heat Rux in the CP increases slightlje TWI decreased by 2.5 mb day The model main-
(rather than decreases strongly). This causes the net $ained energy balance in the CP by decreasipgnd
face energy Rux in the CP (solid curve in Fig. 14a) tincreasingW,,. The lapse rate in the Tropics (and in our
Ratten and leads to a Rattening of thgandF, curves model) closely follows the moist adiabat, which de-
(Fig. 13b). We conclude from this behavior that increases as the SST increases. Hence the vertical velocity
cluding a CPBL momentum budget in the model add3f the model decreases as SSTs in the Tropics increase.
a much richer range of interactions (even if SSTs arghis response is identical to that noted by Betts and
pxed). Ridgeway (1989), Miller (1997), LHK, and Clement and

In order to illustrate the dependence of the solutioBeager (1999) under similar conditions.
on cloud radiative forcing, we have plotted in Fig. 15 For the cases presented in Figs. 13 and 14 the evap-

NAC» W m?

TABLE 4. Dependence on SST. The base case ifpr= 296 K. The warm case is fdf,, = 298 K.

Variable Base case Warm case
Specibedr’y,, 303 K 305 K
Fractional width of the WP(,) 0.207 0.064
Wy, 53.8 kg nr2 56.8 kg nr2
W 18.1 kg m2 18.5 kg m2
Maximum vertical-mean zonal wind in the CPBL —5.6 ms? —53ms?
Surface latent heat Bux in CPBL 112.3 Win 125.5 W m?
Lateral moist static energy transpor,) —57.4 W nr2 —-105 W mr2
Lateral latent heat transporF () 111 W m?2 461 W m2

Mass RBux (,) 1.82X 10 kg mtst 1.70X 10 kg mt st
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oration efbciencyA was specibed as 1/2. The evapo- 038 — T T 80
ration efpciency is debned as the fraction of evaporated a)
water which is available for transport to the WP, that

is, the fraction of water vapor that has not been precip- ¢
itated out of the atmosphere. As the evaporation efp-
ciency increases, a greater percentage of evaporated wa-

ter vapor is transported to the WP. FBg, = 303 K =
andT, = 296 K, Fig. 16 shows how the model solution® 04|
varies as a function oA. As A increases, more water
vapor is advected to the WP, and B, must increase
in order to maintain energy and moisture balance. This |-
is precisely what we see in Fig. 16.

Recognizing that the amount of precipitable water
over the CP may affect the intensity of the circulation,
we designed an experiment to examine the effect of %0, o375 ose0 . o625 0,7546)
changing the outBow proble from convection. This ex- A
periment hearkens back to the feedback mechanism pro-
posed by Lindzen (1990) for a doubled C@limate. 0
Lindzen hypothesized that, in response to a warming of
the WP SST, cloud tops associated with convective ac-
tivity would rise, and so dryer air would be advected -5
into the subsiding regions of the Tropics. The subsidence
would decrease in response to weaker radiative Coolin.g
of the dryer air. Although we do not allow SST to change!
in the current study, we can examine the response g
the atmosphere to changipg,, which is the minimum
pressure level in the WP region from which air is adt~
vected to the CP region.

As discussed for the CP stand-alone results (Fig. 11),
allowing the CP to receive water vapor from lower lev-
els in the WP region causes the free troposphere over
the CPBL to moisten. Table 5 illustrates the sensitivity .125
of our model to the vertical distribution of WP moisture. 0250 0.375
Recall that we have assumed that the column water va- A
por over the central part of the CP free troposphere
originates from the upper and midtroposphere of the
WP region. For our base cagg,,, is assumed to be 500
mb. Suppose that the precipitable water originates from -5:5
higher or lower in the WP free troposphere. For the
OOmoist-outRowOO and OOdry-outBowOO cases presgpte
here, thep,., levels used are 535 and 495 mb, respect, L
tively. As can be seen from Table 5, the solutions ares 4
quite different. As beforel,, andT, are specibed, but —.
the precipitable water and fractional widths are simu-<°
lated. W,, in the dry-outBow case is a truly spectacular 70
35.1 kg m2 larger than that simulated in the moist-
outBow case. The CP free troposphere is also moister -7.5
for the dry-outBow case. Although we tried to moisten

625

1

-50 —375

-75

i 1 0
0.500 0.625 0.750

<25

--3.5

S “In

H.a0

~?

the atmosphere in the moist-outRow case by allowing . P R R 45

. R -8.0 L -4.
mass transport from warmer, moister, lower region of 0.250 0.375 0.500 0.625 0.750

the WP, the atmosphere responded by drying. The con- A

verse is true for the dry-out_Bow case. . ... FIG. 16. Same as Fig. 13, except that the quantities are plotted as a
The dry-outBow and moist-outl3ow solutions differ function of the evaporation efbciency.

because the radiative cooling rate increases as the pre-

cipitable water in the CP increases. When the specibed

value ofp,,, is increased (i.e., outl3ow occurs at a lower

altitude) for the moist-outBow case, air supplied to the

CP is moister than air that emerges from higher altitudes
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TaBLE 5. Dependence on vertical distribution of moisture advection.

Variable Moist outBow Dry outlRow
Fractional width of the WPd,) 0.094 0.644
Wy 49.5 kg m? 84.6 kg n?
We 17.0 kg m2 26.5 kg mr2
Maximum vertical-mean zonal wind in the CPBL —5.44 m s* —9.43 m s*
Surface latent heat Bux in CPBL 116 W-in 105 W m2
Lateral moist static energy transpof,) —-92.1 W m? —-15.2 W m?
Lateral latent heat transporF () 289 W nr2 13.5 W nr2
Minimum advective level g...) 535 mb 495 mb
Mass RBux (,) 1.93X 10* kg mts? 8.60 X 10° kg mts?

for the dry-outBow simulation. As a result, the radiativéhe surface energy budget, as in Miller (1997). The ef-
cooling rate intensibes and therefore produces a stron@eats of precipitation in the CPBL are prescribed. As
subsidence rate, which causes the mass Bux of the described in KRS, the radiative effects of cirrus clouds
culation to increase. Thus, lowering the out3ow altitudever the WP are explicitly calculated, without assuming
causes the Walker circulation to intensify and the latertile cloud optical depth. In addition, the cloud fraction
energy transport from the WP to the CP to increase. Byr the WP is calculated as described in section 3. The
assumption, the Tropics must maintain energy balandgnitations are that SST has been prescribed, ocean heat
and so the CP region must expang, (nust decrease) transport has been ignored, and the slope of the bound-
in order to reduce the net energy 3ux per unit area frogity layer has been bxed.
the WP. Likewise, precipitable water in the WP must Section 7 presents our results for the Walker circu-
decrease in order to supply less energy to the CP. |ltion. For this study, we have neglected the radiative
nature, the SSTs could also change. The model therefefgects of clouds in the CP region. In our base c45g,
reaches equilibrium for lower values #f, anda,,. This \as speciped as 303 K, in accord with the observations.
result demonstrates the sensitivity of our model to thehe most realistic simulation occurs ft, = 296 K.
amount and vertical distribution of water vapor over the, this case, the simulated values faf, and W,. are
CPBL. o _ _ 53.8 and 18.1 kg n?, respectively, which compare fa-
Although these results indicate that the circulation igoraply with a satellite-observed water vapor dataset
strongly inBuenced by the outBow level specibPed in thgesented in Fig. 12. The vertical-mean wind speed for
WP, our assumption of bxed SST makes it difpcult tg,o boundary layer is-5.6 m s'*, which compares well
compare our results directly with LindzenOs hypothesgis observations presented by Battisti and Ovens
(1990). Our results do seem to indicate that the intensityggsy The WP was found to be 0.207 of the total area.
of the circulation depend on the outBow level. It willp 4 simulated values far, andF,,, the lateral transports

be interesting to reevaluate these results in a follow- : :
study in which SSTs are allowed to vary. Rather th%?;?tfn\;vh:fzt ?ggprencc;;\slglzta\}:’%isgear?g’qﬂirfe ﬁgsi z)nd
specifying the outBow level, it might also be worthwhile, - \}alues préscribed in KF,ES

to parameterize the outBow level in terms of the SS We found that the solution depends strongly on the

gradient or some measure of the intensity of the cig-__ . .
culation. A coupling between the SST gradient and th\%;;ambed value df;. AS Ty, increases, the equilibrium

outBow level would allow us to study the interaction%ctues ofa,, and W, generally increases (although,

between the circulation and water vapor transport. ually decreases S.“ght.ly fdf;, < 296 |.<)' This de-
pendence results primarily from the adjustmentagf

in response to increasing vertical energy Bux divergence
8. Summary and conclusions in the CP asT'y, increased.

We have described the formulation and coupling of We also fqund tha’g the solution is' sensitive to the
models of the WP and CP regions. The surface winglue ofA, which specibes the proportion of evaporated
speed for the WP region is calculated based on the my$ater vapor that is precipitated in the CPBL. For=
Rux from the CPBL. A simpliped but physically based- the precipitation rate in the CP region is zero, and
momentum budget is important for the CPBL. The paall eévaporated water vapor is transported laterally to the
rameterization for the free-tropospheric radiative coolVP region. ForA = 0, the precipitation rate is 100%,
ing rate above the CPBL derives from the work of Steand so none of the evaporated water vapor is transported
phens et al. (1994). The subsidence rate over the CPBLthe WP region. In previous box models, the effects
is computed, based on the observed balance betwednprecipitation in the CP region were not explicitly
subsidence and radiative cooling. The hydrological cgiscussed. As shown in Fig. 16, the precipitable water
cle of the two-box model is fully interactive; the evap-and fractional width in the WP region increase strongly
oration rate does not depend on a prescribed wind stress\ increases. As the precipitation rate in the CP region
as in LHK, nor is it calculated as that which balancedecreases, the precipitable water of the WP increases.
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Although the effect of precipitation rate in the CP regioenergy just abovey,, N, is the net downward energy

on precipitable water over the WP is somewhat obviouBux atp,, andN, is the net downward energy Bux at

our results give the Prst quantitative estimates of ithe surface. In the debnition of moist static energy given

inBuence._ L . _ _ above L is the latent heat of condensatian s the heat
Our OOdry-outBowOO and OOmoist-outBowOO cappeily of air at constant pressure, ani the accel-

ments demonstrate the crucial connection between waggation due to gravity.

vapor amount and vertical distribution, and the tropical Because the lapse rate in the free troposphere is as-

climate. As the water vapor increases over the CPBkumed to be horizontally uniform and controlled by the

the radiative cooling rate and hence the mass RBux WP, /,, depends only op,. From the steady-state bud-

the Walker circulation increase. The moist-outl3ow sajet for moist static energy for the upper troposphere,

lution therefore shows that if water vapor is advecteg, . M, 0. = U,h, — (N, — N,) 0., WhereN, is the net

to the CP region from a lower altitude in the WP regiorenergy Rux at the tropopause ahg is the vertical-

the circulation speeds up. Because the circulation is fagtean moist static energy in the layer of westerlies. Sub-

er, the fractional width and precipitable water of the WEtituting the right-hand side of this expression into (A1),

region must decrease in order to balance the energy ahd moist static energy budget reduces to the form writ-

moisture budgets. In fact, when we try to moisten then in Table 2. As described later, we compute the hor-

atmosphere for this experiment, the model adjusts soiasntal-mean vertical Bux convergence of energy for the

to dry out. CP atmosphere (i.e., the right-hand side of the moist
We have presented results from a simplibed toy modstiatic energy budget). We use an approach that deter-

in order to show the sensitivity of the Walker circulatiormines the longwave radiative cooling rate based on the

to the hydrological cycle in general and to the watesmissivities and emission temperatures of the upper and

vapor distribution in particular. Although our discussiomower layers of the troposphere.

has neglected the effects of stratocumulus clouds in the

CP and of the ocean on the Walker circulation, their APPENDIX B

importance cannot be emphasized too strongly. As de-

scribetlal by é@illy O€1t5)399), the Walkerhcirculation iS  Derivation of Diagnostic Equation for IWP

strongly modulated by oceanBatmosphere interaction . . .

and cloudbclimate feedbacks. Rather than brieBy disﬁ:ollowmg KRS, we assume that stratiform ice cloud

cussing these ideas in our present study, we choosé (produced b_y convective _detramment, SO that_ the rate

consider these issues at length in our next paper. TRE!CE Production is proportional to the convective pre-

key sensitivities of our model are to the individual SST§Pitation rateP.. Cloud ice removal is due to stratiform

in the WP and CP, to the eastbwest SST difference,REFCiPitation at rat@; and to sublimation at ratg both
A, 10 p,,., and tor,... Equilibrium solutions with pre- *s and S are parameterized in terms of vertically inte-
) min? prec*

scribed SSTs showed a strong sensitivittdhe evap- 9rated cloud ice (IWPRice water path). Neglecting hor-
oration efbciency. A future goal is to calculatein a izontal advection of cloud ice, our prognostic equation is

simple way.

d%IWP = YP. — P, — S, (B1)
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(B2)
IWP > ¢,

where f is the fractional cloudiness above the WP and
APPENDIX A toec IS @N OOautoconversionOO timescale for the removal
of ice by stratiform precipitation. As can be seen from
Derivation of Moist Static Energy Budget for a  (B2), ¢’ represents a threshold of IWP below which no
Two-Box System stratiform precipitation occurs. A threshold is reason-
. . _ able because thin cirrus clouds rarely precipitate. In
The steady-state vertically and horizontally integratelRS, ¢’ was implicitly assumed to be zero.
budget equation for moist static energy in the layer of For simplicity, we assume that the sublimation rate
easterlies is is governed by

hU, + Lh, .M, — (N, — Ny)lo. =0, (A1) S = IWP/f,, (B3)

whereh, denotes the vertical-mean value of moist statiwherer, is a specibed timescale for the sublimation of
energy in the layer of easterliek,. is the moist static cloud ice. Note thatf appears in the denominator of
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