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ABSTRACT

Utilizing a conceptual model for tropical convection and observational data for water vapor, the maintenance
of the vertical distribution of the tropical tropospheric water vapor is discussed. While deep convection induces
large-scale subsidence that constrains the turbulent downgradient mixing to within the convective boundary
layer and effectively dries the troposphere through downward advection, it also pumps hydrometeors into the
upper troposphere, whose subsequent evaporation appears to be the major source of moisture for the large-
scale subsiding motion. The development of upper-level clouds and precipitation from these clouds may also
act to dry the outflow, thus explaining the low relative humidity near the tropopause. A one-dimensional model
is developed to simulate the mean vertical structure of water vapor in the tropical troposphere. It is also shown
that the horizontal variation of water vapor in the tropical troposphere above the trade-wind boundary layer
can be explained by the variation of a moisture source that is proportional to the amount of upper-level clouds.
Implications for the nature of water vapor feedback in global warming are discussed.

1. Introduction

Chief among the greenhouse gases in the atmosphere
is water vapor. The impact of water vapor on climate
arises primarily from the water vapor above the
boundary layer. Unfortunately, there is a lack of ade-
quate data for water vapor in the upper troposphere.
There is also considerable uncertainty about the pro-
cesses that maintain the water vapor distribution
(Lindzen 1990a,b; Betts 1990). With respect to the
former, recent satellite measurements of upper-tro-
pospheric water vapor have improved the situation
(Rind et al. 1991).

The large-scale distribution of water vapor is depen-
dent on the properties of moist convection. Though
we still do not have an adequate understanding of the
anatomy of moist convection and how it interacts with
the large-scale flow, we do have much relevant infor-
mation, especially through the GATE experiment
(Houze and Betts 1981). This paper attempts to de-
scribe in a coherent manner the observed distribution
of water vapor as well as our conceptual understanding
of moist convection and its interplay with the large-
scale circulation. We wish to identify the most impor-
tant physical processes and their roles in maintaining
the large-scale water vapor distribution.

Our attention here is focused on the tropical tro-
posphere. We begin with observations of the vertical
and meridional distributions of water vapor. Using a
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conceptual model, we describe the roles of deep cloud-
induced subsidence and of evaporation of hydro-
meteors' in maintaining the vertical distribution of
water vapor. We then discuss the meridional variation
and the role of the Hadley circulation. In section 3, we
present a one-dimensional (horizontally averaged)
model that simulates the observed vertical structure of
tropical tropospheric water vapor. In section 4, we
present a two-dimensional model that explains the
meridional variation of the relative humidity through-
out the free troposphere (the troposphere above the
convective boundary layer). Section 5 provides a sum-
mary.

2. The observed vertical and meridional distribution
of water vapor

a. The vertical distribution and the role of
evaporation of hydrometeors

To form a framework for understanding the observed
water vapor distribution, we start from a heuristic
model for the vertical structure of tropical convection.
It is schematically illustrated in Fig. 1. In this picture,
tropical convection is idealized into two kinds of
clouds: deep precipitating clouds and shallow nonpre-
cipitating clouds. Nonprecipitating clouds moisten the
convective boundary layer, which supplies the fuel for
the deep convection.

! Hydrometeors throughout this article refer to the liquid or ice
particles that exist outside of saturated cumulus updrafts.
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F1G. 1. A schematic illustration of the historical picture of
tropical convection and its associated circulation.

The deep convection induces large-scale subsidence,
which suppresses the shallow convection. The inter-
" action of the two kinds of convection thus provides a
coherent picture. This picture was first envisioned by
Riehl and collaborators in studying the energy budget
of the tropical convergence zone and the trade-wind
regime (Riehl et al. 1957; Riehl and Malkus 1958,
1979). Schneider (1977) used it to estimate the mean
stability of the mean thermal structure of the whole
Hadley domain, and Sarachik (1978) used it as a basis
to form a one-dimensional coupled ocean-atmosphere
model. Most recently, in the context of radiative con-
vective equilibrium, Betts and Ridgway (1991) and
Sun and Lindzen (1992) showed that this simple pic-
ture is able to depict the main characteristics of the
vertical structure of tropical tropospheric temperature.

The aforementioned works were concerned with the
energy budget rather than the determination of hu-
midity. Little attention had to be paid to the evapo-
ration of hydrometeors and precipitation efficiency of
individual clouds. This is also reflected in a mechanism
of water vapor feedback proposed by Lindzen
(1990a,b). In those papers, it was assumed that all
condensed water vapor in deep clouds falls to the
ground as rain and the water vapor source for the free
tropospheric air is the detrainment of saturated air from
the deep cloud top. This assumption has been ques-
tioned by Betts (1990). In the present paper, we will
see more clearly that the evaporation of hydrometeors
has to be taken into account in order to properly deal
with the vertical distribution of water vapor. The simple
descent of a saturated parcel leads rapidly to lower rel-
ative humidities than are observed.

The above picture can be interpreted as the averaged
vertical structure for the whole Hadley domain (Lind-
zen 1990b). Figures 2 and 3 present the observed ver-
tical distribution of relative humidity averaged for the
Hadley circulation domain for both January and July.
In Fig. 2, the relative humidity is with respect to water
saturation, while in Fig. 3 the relative humidity above
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the height of the melting level is with respect to ice
saturation. Conventional sounding data (Oort 1983)
and recent satellite data for the clear sky (SAGE II data
for the year 1987; see Rind et al. 1991) are both pre-
sented. Conventional sounding of water vapor ends
around 300 mb and satellite measurements cannot
probe the low troposphere frequently enough to form
arepresentative sample. In the region where both over-
lap, the satellite data reveal a much drier troposphere
than the sounding data. Though it is expected that
clear-sky conditions should be drier than average (in-
cluding both cloudy sky and clear sky), the difference
is still striking. As discussed in Rind et al. (1990), the
water vapor distribution obtained by SAGE II has been
validated by comparison with radiosonde data, frost
point hygrometer, Lyman-«, and LIMS satellite ob-
servations, and has been shown to have an estimated
accuracy of about 10%. Though there are still uncer-
tainties in SAGE 11 data, it is also possible that the
conventional sounding data may exaggerate the actual
water vapor content of the air. Conventional sondes
generally do not report when the relative humidity is

20

18

16

Height (km)
o M~ .

[00)

]
80 90 100

ro— .

TR DU |

S0 60 70
Relative humidity (%)

00~ 16720 30 40

FIG. 2. The vertical structure of the observed water vapor distri-
bution averaged over the domain of the Hadley circulation. Relative
humidity is with respect to liquid water. The satellite data and con-
ventional data are both presented. The solid line is for the month of
January, and the dashed line is for the month of July. (The region
over which data was averaged was 15°S to 25°N for January and
25°S to 15°N for July.) Averaged relative humidity was obtained
through the averaged water vapor mixing ratio and the averaged tem-
perature. The satellite data for water vapor mixing ratio is from the
SAGE 1I measurements. The conventional data for water vapor mix-
ing ratio and temperature (used to obtain relative humidity) are from
Qort (1983).
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FIG. 3. Same as Fig. 2 but above the melting level the
relative humidity is with respect to ice saturation.

below 20% (Starr and Melfi 1990). Also, since the water
vapor content decreases with height exponentially with
a scale height of about 2-3 km, the sonde may report
an exaggerated relative humidity due to contamination.
It is worth noting that some detailed soundings in the
trade-wind regime do show the relative humidity im-
mediately above the trade inversion falling to 20%
(Riehl 1979). We here assume that the two datasets
give bounds on the actual water vapor content for av-
erage conditions.

There are two features in the vertical distribution of
tropical tropospheric water vapor to be noted. First,
throughout the troposphere, the air is subsaturated.
Second, the relative humidity with respect to ice in the
upper troposphere is low and does not drop much on
the way to the low atmosphere (the relative humidity
with respect to water saturation remains fairly constant
or increases with the decrease of height). In the absence
of any macroscale circulation, the atmosphere would
eventually saturate due to molecular diffusion. The first
feature indicates the importance of macroscale circu-
lations. The second feature illustrates the necessity of
including the evaporation of hydrometeors in the pic-
ture shown in Fig. 1.

The mean detrainment level for the cumulonimbus
towers is about 200 mb where the water vapor that a
unit mass of air can hold will be less than 0.1 g kg™
(the saturation water mixing ratio with respect to ice).
Therefore, if in the process of the air going poleward
and subsiding, it does not get more water vapor from
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any other source, the observed vertical structure over
the tropics will be characterized by a constant mixing
ratio of 0.1 g kg™! from 200 mb to the height of the
trade inversion. This also means an exponential de-
crease of relative humidity away from the tropopause
to the low atmosphere with a scale height of about 3
km. The observed profile is far different from this and
indicates the presence of a water vapor source in the
subsiding air.

It should be noted that just as the source of water
vapor for the free troposphere cannot be the subsidence
of detrained saturated air, so too, the required water
vapor source cannot be the diffusive transport of water
vapor from below. The diffusive transport is largely
restricted to below the trade inversion. This is evident
in the thermal and moisture structure across the top
of the trade inversion where both the water vapor and
temperature have a discontinuity (Augstein et al. 1974;
Riehl 1979). Note that due to the adiabatic cooling, a
lifted air parcel will be saturated within a kilometer or
so of its origin. Thus, neither can the water vapor source
be supplied by the large-scale lifting of moist air from
the low atmosphere since we do not see large-scale deep
cloud cover over the whole tropics.

The water vapor source has to ultimately come from
deep convection. Considering the fact that deep con-
vection in the tropics generates widespread upper-level
clouds and these upper-level clouds generate precipi-
tation that falls through a subsaturated environment
(Houze and Betts 1981), the leading candidate for
moistening the subsiding air seems to be the evapo-
ration of precipitation generated by upper-level clouds.
The low value of relative humidity near the tropopause
further implies that some mechanism is needed to dry
out the outflow of deep convective towers. This mech-
anism is likely provided by the formation of upper-
level clouds. The upper-level clouds generate precipi-
tation that falls from the outflow and generates regions
with subsiding motion. Subsaturation can occur in the
region of the subsiding motion.

The formation and the life cycle of the upper-level
clouds have not been well understood, but it is worth
noting the role of radiation. As discussed by Danielsen
(1982), the difference of the radiative cooling rate be-
tween the cloud top and bottom helps to maintain the
convective overturning within the clouds and generate
more precipitating particles. This mechanism was
originally proposed to explain the dryness of the low
stratospheric air.

In the next subsection, we will present a budget study
that further suggests that evaporation of precipitation
from upper-level clouds is the major moisture source
of the large-scale subsiding motion.

b. A budget study for the free tropospheric water
vapor

The tropical rainfall is mostly provided by the me-
soscale rain systems described by Houze (1989). The
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budget study of the mesoscale rain system shows that
the amount of water substance carried out of the me-
soscale cloud cluster (the edge of the anvil) by the out-
flow is about 12% of the total rainfall produced by the
whole mesoscale system (Gamache and Houze 1983).
For the month of January, the rain averaged over the
whole Hadley cell (say, from 15°S to 25°N) is esti-
mated to be about 4.8 X 107> kg m~2 s~! (Riehl 1979).
Therefore, averaged over the month of January and
over the Hadley cell, the deposit of moisture in the
troposphere through the outflow of the mesoscale sys-
tem occurs at a rate of about 5.8 X 10 kg m™2s~’.

The sink of water vapor of the large-scale flow is the
downward advection by deep cloud-induced subsi-
dence, which can be estimated by the energy budget
of the subsidence wherein the subsidence heating is
primarily balanced by radiative cooling. At 4.5 km, for
example, the corresponding subsidence is estimated to
be about 2.0 X 107> kg m~? s~! [radiative cooling rate
is taken from Dopplick (1972)]. The removal of water
vapor by the subsidence from the troposphere above
4.5km isabout 5.2 X 10 %kgm™2 s~ or 2.2 X 1076
kg m~? 5! depending on if the satellite data or the
conventional sounding data is used. These numbers
suggest that the moisture carried out of the anvil is
sufficient to keep the air as moist as observed to below
4.5 km.

The other source of water vapor is the mixing as-
sociated with the dissipation of deep convective towers.
This source for water vapor may be estimated as fol-
lows. Suppose the deep convective tower is active for
a characteristic time 7 and then begins to dissipate; the
moisture source per unit area it provides is

i‘-fp(q* + I* — gn)dz,
-

where g* is the water vapor mixing ratio of cloud air,
[* is the cloud water content in the dissipating stage,
dm 1s water vapor mixing ratio of the surrounding air
where the deep convective towers are generated, and
g is the fractional area covered by active clouds. In-
tegration is for the region of interest. Here ¢ ~ 1073
(note velocity within the deep convective tower is about
three orders of magnitude larger than the mean sub-
sidence over the Hadley circulation), 7 is about an
hour, and /* is about 0.2 g kg ™! (Braham 1952). Tak-
ing the region between the tropopause and 4.5 km and
assuming g,, can be replaced by the mixing ratio of the
mean flow over the scale of the Hadley circulation, the
-rate of moisture input through dissipation of deep
clouds is estimated to be between 2.0 X 10 ®kgm2s™'
and 2.5 X 107 kg m~2 s™! depending on whether the
conventional data or the satellite data are used. It
should be noted that g,, can be much larger than the
mixing ratio of the mean flow over the scale of the
Hadley circulation. Furthermore, the dissipating stage
of deep clouds is usually accompanied by cloud-scale
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downdrafts, which may act to effectively remove the
water substance within the clouds. The above numbers
may greatly overestimate the contribution to the large-
scale humidity from the dissipation of deep convective
towers. Nevertheless, this effect may not be completely
negligible in view of Braham’s budget study and
Emanuel’s scheme for cumulus parameterization
(Braham 1952; Emanuel 1991).

Dissipation of clouds including deep convective
towers and upper-level clouds is accompanied by
evaporation of hydrometeors. Evaporation of hydro-
meteors occurs at the edge of clouds. Observations of
tropical rain systems further show that dissipation of
clouds is characterized by a gradual elevation of the
cloud base. While their bases are rising, clouds continue
to generate precipitation, which falls into the subsatu-
rated air below the cloud base and evaporates (Johnson
and Young 1983). The role of the evaporation of hy-
drometeors is the focus of this paper.

Before we further quantify the above processes, we
turn to the meridional distribution of water vapor over
the whole Hadley domain. Features in the horizontal
variation offer further information about the distri-
butions of sinks and sources of water vapor.

¢. The meridional distribution and the role of the
Hadley circulation

Figures 4-7 show the zonal mean specific humidity
and relative humidity fields for July and January.
Though the satellite data [SAGE II data for the year
1987 (Rind et al. 1991)] reveal a much drier middle
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F1G. 4. Meridional distribution of tropical tropospheric water vapor
mixing ratio in January (in units of 1073 g kg~!). Upper panel: satellite
data. Lower panel: conventional data.
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FIG. 5. Meridional distribution of tropical tropospheric water vapor
mixing ratio in July (in units of 10~ g kg™!). Upper panel: satellite
data. Lower panel: conventional data.

troposphere than the conventional data (Oort 1983),
they both show the distribution of water vapor to be
strongly modulated by the zonal mean meridional cir-
culation. Figure 8 shows the zonal mean meridional
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FIG. 6. Meridional distribution of tropical tropospheric relative
humidity (with respect to liquid water) in January. Upper panel:
satellite data. Lower panel: conventional data.

circulation for July and January. The air in the down-
ward portion of the Hadley circulation is much drier
than the air in the upward portion.?

The water vapor budget equation for the monthly
mean Hadley circulation may be written as

alg dq aq

S GE
P —olg]l [ oM [_, OM*
[ET+ M=~ [q _62] [q % ]

Ty YA

represents the time average, and “*” represent
the deviations from the time mean and zonal mean,
respectively, g is the mean water vapor mixing ratio,
w s the vertical velocity, AL, is the net convective mass
flux associated with moist convection, w, is the vertical
velocity in the environment of moist convection (pw,
= pw — M), E is the moistening from convection due
to evaporation of hydrometeors and dissipation of
clouds, and p is the air density; z and y represent the
height and the latitude, respectively. A formal deri-
vation is presented in the Appendix. Problems and
limitations in previous formulations of the water vapor
and heat budget of a large-scale flow embedding moist
convection are discussed in some detail there.

Within the domain of the Hadley circulation, the
horizontal transport by eddies (both transient and
steady ) is negligible compared with the horizontal ad-
vection by the mean circulation (Newell et al. 1982).

1
ay ay oz dz ()

The last two terms represent the vertical eddy transport
in the environment of moist convection, which we may
also assume negligible compared with the vertical
transport by moist convection (or the vertical advection
by the mean circulation). Above the convective
boundary layer and away from the immediate region
of the tropopause, the vertical variation of A/, is much
smaller than the vertical variation of g (Ogura and Cho
1973). Therefore, we may further neglect the eddy
transport associated with the vertical variation of M.

2 For purposes of climate feedbacks, the relevant quantity is the
specific humidity averaged over the entire Hadley circulation, which,
it should be noted, extends as a single cell across the whole tropics
(Lindzen and Hou 1988). There is no evidence of any significant
change in this quantity between January and July.
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FiG. 7. Meridional distribution of tropical tropospheric relative
humidity (with respect to liquid water) in July. Upper panel: satellite
data. Lower panel: conventional data.

Ignoring the monthly mean tendency, equation (1) is
simplified to

_.d[g _.dlq
0=-(p[W]—E%]+p[v] %)
+[Mc]——ag‘7]+[E‘]. (2)
Z

The sum of the meridional and vertical advection
by the Hadley circulation is shown in Fig. 9. Monthly
mean data were used in the calculation. Due to the
much larger vertical gradient of the water vapor mixing
ratio, the meridional transport is an order of magnitude
smaller than the vertical transport in most regions of
the Hadley circulation. Therefore, zonal mean circu-
lation alone generates an excess of water vapor within
the rising branch and a deficit of water vapor within
the subsiding branch. By Eq. (2), it is evident that the
moist convection acts as a sink in the upward portion
and a source term in the region of downward motion.
In the intertropical convergence zone (ITCZ) (up-

ward portion), where moist convection is concen- .

trated, E is positive and significant. Therefore, M,
must be larger than w there (note p[w] {3d[g]/dz}
> p[0]{d[4]/dy}). What this means is that a per-
centage of the air pumped into the upper troposphere
by deep convection subsides within the ITCZ. Gray
(1974) reached the same conclusion in analyzing the
water vapor budget of a cloud cluster region. Our pic-
ture of the ITCZ results from a spatial average over a
scale much larger than the scale of deep convective
clouds. In between these deep convective towers is sub-
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FIG. 8. Streamlines of the Hadley circulation (in units of 10'°
kgs™!). Data is from Oort (1983). Upper panel: January. Lower
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siding motion. The concentration of deep convection
itself is controlled by the sea surface temperature dis-
tribution (Lindzen and Nigam 1987). In the subtropics
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