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ABSTRACT

Based on the observed interannual variations of water vapor and temperature over the past 26 years the
authors have examined the relationship between the variations of water vapor and temperature in the tropical
troposphere. The authors find that in both the lower and upper troposphere, tropical mean specific humidity
increases with temperature. The rate of fractional increase of specific humidity with temperature at 500 mb is
as large as that in the surface boundary layer. However, the rate of fractional increase of specific humidity with
temperature is significantly smaller than that given by a model with a fixed relative humidity, particularly in
the region immediately above the tropical convective boundary layer. The variations of tropical mean relative
humidity show consistently a negative correlation with the temperature variations.

The authors have further compared the spatial structure of the specific humidity variations with that of the
temperature variations. Though the vertical structure of tropical mean specific humidity has more variability
than that of the tropical mean temperature, the leading EOF for the normalized specific humidity variations is
almost exactly the same as the leading EOF for the normalized temperature variations. The characteristic
horizontal structure of the specific humidity variations at levels in the free troposphere, however, is very different
from that of the temperature variations. The leading EOF for the normalized specific humidity variations at
levels in the free troposphere is characterized by regions with alternating positive and negative signs, while the
leading EOF for the corresponding temperature variations has a single sign throughout the Tropics. When the
variations are averaged zonally, the leading EOF for the normalized specific humidity variations still differs
significantly from that of the normalized temperature variations, but the leading EOF has the same sign from
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the deep Tropics to the subtropics.

1. Introduction

Water vapor plays a dominant role in the radiative
budget of the troposphere. It is the principal greenhouse
- gas and is strongly coupled with clouds. In general cir-
culation models (GCMs), water vapor feedback is the
largest response that amplifies the warming induced
by the increase of CO;,, and cloud feedback has been
identified as the major source of uncertainty (IPCC
1990, 1992). Through its radiative effects and phase
changes, water vapor not only plays a key role in at-
mospheric processes, but also serves as a crucial link
between the atmosphere and other components of the
climate system (Manabe and Stouffer 1993; Peixoto
and Oort 1992). The critical role of water vapor in
climate and climate change warrants a thorough at-
tempt to understand its behavior.
Central to the behavior of water vapor in climate
change is its relationship with temperature. Unfortu-
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nately, this relationship is poorly known in the tropical
troposphere. In their pioneering study of the impact of
an increase of CO, on climate, Manabe and Wetherald
(1967) assumed that the relative humidity was constant
with temperature. Based on the observational data that
were available at that time, they noted that the zonal
mean distributions of the relative humidity during
winter and summer resemble each other while the zonal
mean distributions of specific humidity for the two
seasons do not. In fact, the seasonal changes of relative
humidity in the Tropics are also large. Figure 1 shows
the relative humidity differences between northern
summer and northern winter. Only in regions outside
the Tropics (defined here as the entire domain of the
Hadley circulation, 30°S-30°N), the seasonal changes
in relative humidity are small. Since there is little sea-
sonal change of temperature in the Tropics, the changes
of relative humidity in the Tropics are mostly due to
the seasonal change of the position of the Hadley cir-
culation. Due to the seasonal change of the Hadley
circulation, regions with ascending motion in the sum-
mer may have descending motion in the winter. Figure
1 simply reflects the fact that the ascending branch of
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FIG. 1. Relative humidity difference between northern summer
(June-August) and northern winter (December-February) (1974 to
1989 climatology). Data are from the global analyzed data archived
at GFDL (Oort 1983). Areas with positive values are shaded.

the Hadley circulation is moister than its descending
branch.

Theoretical analysis of the moisture budget of the
Tropics suggests that the water vapor-temperature re-
lationship in the Tropics may be strongly height de-
pendent (Sun and Lindzen 1993a,b). They proposed
a conceptual model for the vertical distribution of water
vapor that is characterized by three regions: the tropical
convective boundary layer, the free tropical tropo-
sphere, and the outflow region of deep convection (see
Fig. 10 in Sun and Lindzen 1993a). They argued that
the functional dependence of water vapor on temper-
ature in the free troposphere may be significantly dif-
ferent from that in the convective boundary layer.

The observed interannual variations of temperature
and humidity offer an opportunity to assess the water
vapor-temperature relationship in the tropical tropo-
sphere. The interannual variability in the Tropics is
largely associated with the El Nifio phenomenon. The
El Nifio phenomenon results in a significant temper-
ature perturbation throughout the free tropical tro-
posphere (Horel and Wallace 1981). In this article, we
will use 26 yr of rawinsonde data to examine the re-
lationship between the interannual variations of water
vapor and temperature. We are particularly interested
in the vertical structure of this relationship. Water va-
por feedback (the amplification of the warming in-
duced by the increase of CO, due to a concomitant
change of water vapor with temperature) depends
strongly on the vertical structure of the change of water
vapor. It has been found that the water vapor feedback
is approximately proportional to the fractional change
of water vapor and that changes of water vapor at all
heights of the troposphere are important (Shine and
Sinha 1991).

The vertical structure of the variability of the tem-
perature and humidity over the tropical western Pacific
Ocean has been studied by Gutzler (1992a). He noted
that the vertical structure of the decadal trend of specific
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humidity is distinctly different from the vertical struc-
ture of the interannual and seasonal variability. Based
on this finding, he further argued that the short-term
climate variability of humidity is a poor proxy for the
long-term change. The relationship between temper-
ature and humidity exhibited in the interannual or
seasonal variations was not examined in his study. Us-
ing radiosonde data from 50 stations for 1973-90, Gaf-
fen et al. (1992a) examined the relationship between
the total precipitable water vapor W and surface air
temperature 7. They found that over restricted ranges
of surface air temperature, the relationship between W
and T derived from radiosonde data is in good agree-
ment with the relationship between W and T from
satellite data. They also found that the relationship be-
tween W and T, depends on the timescale and geo-
graphical region considered. In their study, they did
not examine the vertical structure of the relationship
between water vapor and temperature.

In addition to the direct relationship between the
variations of water vapor and temperature, we will also
examine the spatial structure of the variations of water
vapor and temperature using correlation maps and
empirical orthogonal functions. In particular, we want
to know the relationship between variations of water
vapor in the upper troposphere and those in the lower
troposphere, and the relationship between variations
of water vapor in the deep Tropics and those in the
subtropics. A major concern in assessing the nature of
water vapor feedback in climate change has been
whether the change of water vapor in the upper tro-
posphere follows the change of water vapor in the lower
troposphere, and whether the change of water vapor
in the subtropics has the same sign as that in the deep
Tropics (Lindzen 1990; Betts 1990; Sun and Lindzen
1993a,b). Since our understanding of the temperature
structure in the tropical troposphere is relatively better
than for moisture (Emanuel 1991; Held and Hou
1981), it is of particular interest to compare the spatial
structure of the specific humidity variations with that
of the temperature variations. An empirical orthogonal
function analysis of three-dimensional variations of
humidity has been made by Gaffen et al. (1991). Their
focus was on the spatial and temporal scale of the vari-
ations of humidity rather than on the relationship be-
tween variations of specific humidity in some key re-
gions.

In this paper, we will first discuss the data and meth-
ods used for the analysis (section 2). In section 3, we
derive the functional dependence of the tropical mean
specific humidity on local temperature at all levels in
the tropical troposphere. We will see that the vertical
structure of this functional dependence differs signifi-
cantly from that of a model with constant relative hu-
midity. In section 4, we will examine the vertical struc-
ture of the tropical mean variations of specific humidity
with a focus on the relationship between the variations
of specific humidity in the upper troposphere and those
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in the lower troposphere. In section 5, we will examine
the horizontal structures of variations of specific hu-
midity. Finally, we will summarize our results and dis-
cuss their implications in sections 6 and 7.

2. Data and methods

The data are from the global rawinsonde network,
analyzed and gridded at GFDL (Geophysical Fluid
Dynamics Laboratory) (Oort 1983, updated ). The data
consist of global monthly mean temperature and spe-
cific humidity fields for the period from May 1963
through December 1989.

In deriving the relationship between temperature and
humidity, it is desirable to separate the signals that cor-
respond to different physical causes. Thus, we decom-
pose the variations of temperature T and specific hu-
midity ¢ into three parts:

T=T.+T,+T (1)

qd=4qc+ q.+ q. (2)

The subscripts ¢, a, and / represent, respectively, the
normal seasonal cycle, interannual variability, and
long-term trend (decadal trend). The physical cause
for the long-term trend is less clear than those for the
seasonal and interannual variations, but it is unlikely
to be the same as that for the interannual variations.
We want to extract the relationship between temper-
ature and humidity from variations of 7, and g,
through correlation and regression analysis.

The terms T, and g, may be further written as

9a = Qu t Gas t Gor (3)
To=Tu+ Tos+ T (4)

The subscripts ¢, s, and r represent, respectively, the
true value, the systematic error, and the random error.
Over the interannual timescale, we may assume that
T, and T,, are negligible compared to 7, and take T,
= T,. The terms g, and g,, may not be entirely neg-
ligible compared with g,,, particularly for the period
before 1973 (Gutzler 1992b; Gaffen et al. 1991; Elliott
and Gaffen 1991). Fortunately, the temporal variations
in g, and ¢q,, are not likely to be correlated with the
temporal variations in T,. Thus, the sign of the cor-
relation coefficient between T, and g, [C( Ty, 9u)]
will probably be the same as that between 7, and g,
[C(T,, q.)]. More importantly, provided that g,; and
d.r are not correlated with T,, the functional depen-
dence of ¢ on T derived from variations of 7, and g,
using the least square technique will be the same as
that from 7, and ¢q,. This further suggests that the
errors introduced in the humidity data by instrumental
changes may not significantly affect the relationship
between temperature and humidity derived through a
correlation and regression analysis. The longer the re-
cord used to assess the humidity-temperature rela-
tionship, the more statistically reliable the relationship
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derived from the record is. Thus, it is desirable to use
the longest record available to assess the relationship
between humidity g and temperature 7. Unless ex-
plicitly mentioned, all calculations presented in this
article were made using time series of humidity and
temperature that span the entire period (May 1963-
December 1989). According to Gaffen et al. (1991),
data for humidity after January 1973 are relatively free
of errors due to changes in instruments. We will also
do our analyses using the data limited to the period
January 1973-December 1989. The results will be pre-
sented in parallel to the results obtained using the data
from the entire period.

To obtain T, and ¢, from T and g, we take T, and
q. as the climatological mean seasonal values for the
period 1964-73. Using the 1964-73 climatology in-
stead of the climatology for the full record is in line
with the historical way the rawinsonde data have been
analyzed and gridded at GFDL (Oort 1983). For sim-
plicity, we further take 7; and g; as the linear trend of
T and g. When the full record is used for the analysis,
T, and g, represent the linear trend for the period May
1963-December 1989. When the data for the analysis
are limited to the January 1973-December 1989 pe-
riod, 7; and g, represent the linear trend for the period
January 1973-December 1989. Considering that the
decadal trend may not be a sufficiently accurate esti-
mate of the linear trend, we will examine the frequency
dependence of our results.

In deriving the relationship between water vapor and
temperature, we will use variations of water vapor and
temperature averaged over the tropical domain (30°S-
30°N). Through horizontal averaging, variations of
water vapor and temperature that are related to the
horizontal transport by the large-scale circulation will
be largely removed, and thus the water vapor and tem-
perature relationship obtained is more indicative of
the property of moist convection, and is thus more
relevant to the issue of water vapor feedback in global
warming [see equations (31), (33), and (29) in Sun
and Lindzen 1993a]. As noted by Gaffen et al. (1992b),
the regional variability of water vapor in the Tropics
is better related to the horizontal transport of the large-
scale circulation than the local temperature. To obtain
the tropical mean value of temperature and water va-
por, it is probably better to use gridded data than station
data. The problem of insufficient spatial coverage is
reduced by the objective analysis scheme used for in-
terpolating station data onto a regular grid. The objec-
tive analysis scheme was designed to minimize the
problem of insufficient spatial coverage (Oort 1983;
Rosen et al. 1979). We feel it is important, though, to
keep in mind that the original spatial data gaps may
remain a problem in the gridded data. The spatial cov-
erage of rawinsonde stations over the Tropics is shown
in Fig. 2. Plotted in Fig. 2 are the distributions of the
rawinsonde stations used in the S00-mb analyses of
humidity for January 1973 and January 1983. Note



AUGUST 1995

+ =~ 73 A—— 83

30Nf;
15N
EQ P
15S A
30SE AP

0 60E

120W 60W 20W

L s
120E 180

FIG. 2. Distribution of rawinsonde stations used for the analyses
of specific humidity at the 500-mb level for January 1973 (+) and
January 1983 (A).

that the coverage over the eastern Pacific Ocean is rel-
atively poor.

3. Relationship between specific humidity and local
temperature

On the interannual timescale, tropical mean tem-
perature and specific humidity have significant and
vertically coherent variations. Figure 3 presents time
series of variations of g, and T, averaged over the entire
domain of the Tropics at four representative pressure
levels. Temperature variations are plotted as dashed
lines. For clarity of presentation, a cosine-bell window
(the Hanning window) with a width of seven months
was used to slightly smooth the data. The coeflicients
of this window are given by h, = H, /2% H, with

n
H, = 0.5[1 - cos(21rN+ 1)] s

where n = 1, 2, , N and N is the width of the
window. This smoothing procedure reduces the vari-
ance of the temperature and humidity variations by
about 10%. Peak anomalies of temperature correspond
well with El Nifio events. The magnitude of the tem-
perature variations increases with height (from about
0.5 K in the surface boundary layer to 1 K in the upper
troposphere). Relative to the local mean specific hu-
midity, the magnitude of the specific humidity varia-
tions also increases with height (from about 5% in the
surface boundary layer to 10% in the upper tropo-
sphere). During most episodes when the temperature
has an anomaly peak, the specific humidity also has
an anomaly peak of the same sign. A notable exception
occurs during the 1982-83 El Nifio. During this period,
the specific humidity anomalies above 700 mb appear
to have the opposite sign of the temperature anomalies.
We will discuss possible causes for this exception when
we examine the horizontal structure of the variations
of humidity in section S. Overall, the variations of spe-
cific humidity correlate positively at all levels with the
temperature variations at the same level. However, the
strength of the correlation between specific humidity
variations and the temperature variations at the same
level appears to be strongly height dependent. Figure
4 shows the vertical structure of the correlation coef-
ficients between the mean tropical temperature vari-
ations and those in specific humidity. Monthly mean
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data were used to compute the correlation coefficients.
The solid line corresponds to the case in which the
entire time series (May 1963-December 1989) are used
for the calculations, while the dashed line is for the
case in which the data before January 1973 are not
included. Note that the strongest correlations occur in
the lower and upper troposphere. The correlations in
the middle troposphere are much weaker. At 700 mb,
the correlation coefficient between T, and g, derived
from the data limited to the period January 1973-De-
cember 1989 is significantly smaller than that from the
time series spanning the entire period. Since the length
of the data for obtaining the dashed line is much shorter
than that for the solid line, the differences between the
solid line and the dashed line are not necessarily due
to problems in the data before 1973. The vertical struc-
ture of the two curves in Fig. 4 is quite similar.

To further quantify the dependence of g on 7', we
have calculated the rate of change of g with T(dq/dT)
using a linear regression. Note that since the magni-
tude of T, is small (about | K), we may write g,
= T.'dq/dT. (Assuming that the functional depen-
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F1G. 3. Time series of the mean tropical (30°S-30°N) temperature
(dashed line) and specific humidity (solid line) at four representative
pressure levels. The seasonal cycle and linear trend have been removed
from each series. A Hanning window with a width of seven months
was used to smooth the data. Each series was further normalized by
its standard deviation. The standard deviation for each series is given
in the lower right-hand corner of the figure (SDQ is for the specific
humidity and SDT for the temperature).
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FIG. 4. Vertical structure of the correlation between the variations
of tropical mean specific humidity and tropical mean temperature
at the same level. Solid line: May 1963-December 1989. Dashed
line: January 1973-December 1989.

dence of g on T is not stronger than for the case of a
constant relative humidity, it can be shown that the
higher-order terms in the Taylor expansion of g are
negligible as long as the deviation of the temperature
from the mean is not larger than 1.5 K.) Figure 5 shows
scatter diagrams for tropical mean T, and g, at three
representative levels. These diagrams show that a linear
relationship between 7, and ¢, is a good fit to the data.
Table 1 summarizes the results at various standard
pressure levels in the troposphere. Also presented in
Table 1 is the rate of change of specific humidity given
by a fixed relative humidity model RH, dg*/ dT, where
RH, is the climatological annual mean relative hu-
midity averaged over the tropical domain, and g* is
the saturation specific humidity at the climatological
annual mean temperature averaged over the tropical
domain. The tropical mean relative humidity is from
the climatology for the period 1974-89. The tropical
mean temperature is from the 1963-73 climatology.
Note that at all levels dg/dT is smaller than RH, dg*/
dT. However, a better indicator of the greenhouse effect
of water vapor is the fractional change of water vapor
with temperature (Shine and Sinha 1991). Thus, we
show in Fig. 6 the vertical structure of the rate of frac-
tional change of ¢ with 7 (i.e., dg/dT divided by the
long-term mean value of specific humidity g., where
q. is obtained by averaging the 320 months of data of
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FIG. 5. Scatter plots of variations of tropical mean temperature T,
and specific humidity g, variations. The solid straight line is a linear
regression. Top: 300 mb; middle: 500 mb; bottom: 1000 mb.

specific humidity for the period May 1963-December
1989). The rate of fractional change of g with T cor-
responding to a fixed relative humidity is also plotted
in the figure [¢* ~' (dg*/ dT)]. Note that this quantity
is independent of the mean relative humidity that is
specified. An interesting feature of Fig. 6 is that relative
to the climatological mean specific humidity, the largest

TABLE 1. The rate of change of tropical mean specific humidity
with tropical mean temperature (30°S-30°N). Results obtained using
the full record (May 1965-December 1989) and the data limited for
the later period (January 1973-December 1989) are both presented.
Presented also in the table is the rate of change of specific humidity
with temperature when the relative humidity is fixed at the
climatological value (RH, dg*/dT'). See text for the definition of RH,
and g*.

dg/dT (107 gkg ' K™)

May 1963- January 1973~ RH, dg*/dT
Pressure  December 1989  December 1989 (107! gkg™' K™)

300 0.21 £ 0.02 0.18 + 0.02 0.23

400 0.51 £ 0.05 0.34 + 0.06 0.64

500 0.8 £ 0.1 0.6 £ 0.1 1.3

700 1.4+0.2 0.5+0.3 33

850 3504 29+04 6.1

900 59 %04 5.0x04 7.1

950 5.6 04 54+04 8.2
1000 7.2 +0.6 6.3+0.6 9.5
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F1G. 6. Vertical structure of the rate of fractional increase of the
tropical specific humidity with temperature (solid line, in units of %
K™). The two short-dashed lines are error estimates. For reference,
the rate of fractional increase of specific humidity with temperature
corresponding to a fixed relative humidity is also plotted in the figure
(long-dashed line). Upper: data for the entire period May 1963-De-
cember 1989 were used for the calculations. Lower: data for the period
January 1973-December 1989 were used for the calculations.

rates of change of ¢ with T occur in the upper tropo-
sphere and in the surface boundary layer. The water
vapor in the region right above the tropical convective
boundary layer has the weakest dependence on the local
temperature. Also note that above 500 mb, there is a
tendency for the observed rate of change to approach
that for a constant relative humidity. It is shown in
Sun (1992) that the strong dependence of the rate of
evaporation from the ocean on the relative humidity
tends to keep the relative humidity in the surface
boundary layer constant. In the free troposphere, the
subsiding air is primarily moistened by evaporation
from hydrometeors falling from upper-level clouds
(Sun and Lindzen 1993a). The amount of hydrome-
teors is probably not sufficient to keep the relative hu-
midity close to a constant, perhaps with the exception
of the outflow region of deep convection where there
exist widespread clouds. Thus, it appears that the ver-
tical structure of the functional dependence is consis-

the long-dashed line [¢* ~'(dg*/ dT)] in Fig. 6 gives a
measure of 1/rh(drh/dT). We see that 1/rh(drh/dT)
is negative at all levels. Thus, Fig. 6 implies that the
rate of increase of the water vapor greenhouse effect
with surface temperature (or the water vapor feedback)
in the tropical region is considerably smaller than that
in an atmosphere with constant relative humidity. Us-
ing a radiative-transfer model in which the lapse rate
is fixed at the climatological value for the Tropics, we
have estimated that the rate of increase of clear-sky
greenhouse effect G with temperature (dG/dT). The
term G is defined as the difference between the surface
emission and the net outgoing longwave radiation at
the top of the atmosphere (Raval and Ramanathan
1989). We find that dG/dT corresponding to a fixed
distribution of relative humidity [using the same dis-
tribution as used in Manabe and Wetherald (1967)]
is about 3.8 W K™, When we replace the assumption
of (drh/dT = 0) in the region between 1000 mb and
300 mb by the values of dri/dT implied by Fig. 6a,
we find that dG/dT decreases to 3.0 W K™'. The ra-
diation code used for this calculation was designed by
M. D. Chou (Chou et al. 1991). The climatological
values for the tropical lapse rate are from McClatchey
et al. (1972).

Figure 6 further implies a negative correlation be-
tween the temperature variations and the variations of
the relative humidity. We have also calculated directly
the correlations between the interannual variations of
tropical mean temperature and tropical mean relative
humidity (RH), and find that the correlations are neg-
ative at all levels. As done for the variations of specific
humidity, the variations of relative humidity can also
be decomposed into three parts: RH = RH, + RH,
+ RH,. The subscripts ¢, a, and [ represent, respec-
tively, the normal seasonal cycle, interannual vari-
ability, and decadal trend. Figure 7 presents the vertical
structure of the correlation coefficients between T, and
RH,, and dRH/dT derived using a linear regression
technique. The time series for temperature and relative
humidity used to obtain Fig. 7 are for the period May
1973 through December 1989 for which objectively
analyzed, monthly averaged relative humidity data are
available. The 1974-89 climatology was used to remove
the seasonal cycle. The largest anticorrelation between
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that the horizontal axis is reversed from the conventional direction.
(b) Vertical structure of the rate of change of relative humidity with
temperature. The two dashed lines are error estimates.

T,and RH, occurs at 700 mb. The peak value of dRH/
dT also occurs at 700 mb, where dg/dT differs most
from RH, dq*/dT. The values are largely consistent
with what is implied by Fig. 6. Note that due to non-
linearity, the monthly values obtained by averaging the
daily values (as used here) may differ somewhat from
the relative humidity directly calculated from the
monthly mean temperature and specific humidity.

To examine whether the above results are frequency
dependent, we have redone the above calculations using
data filtered by a reversed Hanning window with a
width of 121 (10 yr). (Window coefficients are given
by 1 — H,,. Signals with a period longer than 10 yr are
largely removed by this window.) The results are aimost
the same.

4. Vertical structure of the water vapor variations

The major source of moisture is at the ocean surface.
We have a very limited understanding of how water
vapor is transported upward. In this section, we will
examine the vertical structure of the variations of hu-
midity and compare it with the vertical structure of
the temperature variations.

a. Relationship between the upper-tropospheric
humidity and lower-tropospheric humidity

In the last section, we show that the dependence of
specific humidity on local temperature above 500 mb
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is as strong as in the surface boundary layer. However,
correlations between variations of specific humidity in
the upper troposphere with those at the surface are
quite weak, despite a strong correlation between vari-
ations of temperature in the upper troposphere with
those at the surface. (Throughout this article, we refer
to the 1000-mb level as the surface.) Figure 8 shows
the correlations of the variations at all levels with those
at the surface. Figure 8a is for the specific humidity
and Fig. 8b for the temperature. Figure 8a shows that
the correlations of variations of specific humidity at all
levels with those at the surface are positive. However,
the correlations decrease rapidly with height, and only
a small percentage of the variations above the 500-mb
level can be explained by the variations in the boundary
layer. In contrast, correlations of temperature with
those at the surface level remain almost constant with
height (Fig. 8b).

The comparatively weak correlations in Fig. 8a seem
to be related to very low frequency signals in the specific
humidity data. We have found that the correlations of
the variations of specific humidity in the free tropo-
sphere with those in the convective boundary layer in-

(a) (b)

—

Pressure (mb)
Pressure (mb)
8882888883

1000

-

0 12345678910 012345878910
Correlation Coefficients

(e)

Correlation Coefficients

100
2001
300 ’
400 .
500t .
609 v
700 AN

800 AR
900

R B e R T

Correlation Coefficients

Pressure (mb)

FIG. 8. (a) Vertical structure of the correlation of variations of
specific humidity with those at 1000 mb. Solid line: data for the
entire period May 1963~December 1989 were used for the calculation.
Dashed line: data were limited to the period January 1973-December
1989. (b) Vertical structure of the correlation of variations of tem-
perature with those at 1000 mb. Solid line: data for the entire period
May 1963-Dec 1989 were used for the calculation. Dashed line: data
were limited to the period of January 1973-December 1989. (c) Ver-
tical structure of the correlation of variations of specific humidity ¢
with those at 1000 mb. Correlations were obtained using filtered data
in which variations with a period greater than a decade were largely
removed. See text for more details. Solid line: data for the entire
period May 1963-December 1989 were used for the calculations.
Dashed-line: data were limited to the period of January 1973-De-
cember 1989.
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specific humidity variations with those at the surface. (b) Cross section
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those at the surface.

crease significantly when the data are filtered by a re-
versed Hanning window with a width of 121 (10 years)
(Fig. 8c). In contrast, when the low-frequency signals
are removed from the temperature data using the same
window, the correlations of the temperature variations
in the free troposphere with those in the convective
boundary layer are almost the same as those obtained
using the unfiltered data.

Correlations with surface-level variations can be a
good indicator of the mixing effects of moist convec-
tion. Figure 9 shows the latitudinal dependence of the
correlations between the zonally averaged variations
of specific humidity (a) and temperature (b) at all levels
with those at the surface (1000 mb). The values cal-
culated for the extratropical regions are also presented
for comparison. Areas with a correlation coefficient
greater than 0.3 are shaded. Both figures show similar
patterns. The correlation coefficients tend to reach
maximum values in the deep Tropics and in the mid-
dle-latitude eddy regime. Due to the existence of large-
scale subsidence over the subtropical regions, the vari-
ations at these latitudes in the free troposphere are ef-
fectively decoupled from those at the surface. The pat-
terns are consistent with the meridional distributions
of zonal mean precipitation and latent heat release as
shown in Peixoto and Oort (1992). Note that in the
deep Tropics, correlations of variations of temperature
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with those at the surface are almost constant through-
out the depth of the entire troposphere, while corre-
lations of specific humidity variations with those at the
surface level decrease quickly with height. When the
time series for the specific humidity are filtered by a
reversed Hanning window with a width of 10 yr, the
correlations in the deep Tropics are noticeably im-
proved (Fig. 10a).

The relationship of specific humidity with local
temperature is also a function of vertical mixing. Pre-
sented in Fig. 10b is a cross section of the correlations
between the variations of specific humidity and tem-
perature at the same height and latitude. Weakest cor-
relations are found in the subtropics. Figures 10a and
10b indicate that over regions where the variations of
specific humidity in the free troposphere have a poor
correlation with those at the surface level, the variations
of specific humidity also have a poor correlation with
the temperature variations at the same location.

The above analysis shows that the relationship be-
tween variations of the specific humidity in the upper
troposphere and those at the surface appears to change
somewhat when the lowest frequencies are removed.
In the next section, we will use empirical orthogonal
function (EOF) analysis to decompose the vertical
structure of the specific humidity variations into or-
thogonal modes (EOFs). The structure of the leading
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FIG. 10. (a) Cross section of the correlations of the zonal mean
specific humidity variations with those at the surface after very low
frequency contributions were filtered out by using a reversed Hanning
window with a width of 10 yr. (b) Cross section of the correlations
between the zonal mean specific humidity variations and the corre-
sponding temperature variations at the same latitude and height.
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modes and their corresponding time series will help us
to gain more insight into the physical processes in-
volved in determining the relationship between vari-
ations of specific humidity in the upper troposphere
and those in the lower troposphere.

b. An EOF analysis of the vertical structure of?
variations of specific humidity

An EOF analysis identifies the most preferred modes
of the variability and isolates the timescales that are
associated with those modes (see Kutzbach 1967 for a
more precise mathematical description of EOFs). Since
we are mainly interested in the phase relationship of
the variations at different levels, we first normalize the
variations at each level by their standard deviation. Let
/» be a vector that contains the normalized g, (or T,)
at all vertical levels for a particular month. The di-
mension of f, (M) is equal to the total number of data
points (i.e., the total number of vertical levels ii-this
case). We obtain the correlation matrix R = FE", where
Fisa M X N matrix that contains f, for all nfonths (n
=1,2, «+ -, N). The EOFs for F are just the eigen-
vectors of the matrix R. In Fig. 11, we present the first
two leading EOFs for the vertical structure of the vari-
ations of specific humidity and temperature averaged
over the entire Tropics. The spatial pattern depicted
by the first EOF can be regarded as the most preferred
or the most characteristic spatial pattern of the vari-
ability. Figure 11a shows the first two EOFs for the
variations of specific humidity, and Fig. 11b the cor-
responding EOFs for the variations of temperature. The
first two leading EOFs for the normalized specific hu-
midity variations have the same structure as those for
the temperature variations. The first EOF is almost
constant with height. The second EOF is characterized
by a sign reversal roughly at the top of the convective
boundary layer (800 mb). The first EOF for both the
specific humidity and temperature variations explains
the major portion of the total variance. The percentage
variance values explained by the first two leading EOFs
for humidity are 61% and 26%, and for temperature
79% and 9%, respectively. Thus, it appears that the
vertical structure of humidity has more significant
modes of variability than the vertical structure of tem-
perature. Note that for a moist adiabatic atmosphere,
the temperature variations at all levels of the tropo-
sphere should be in phase, and the first EOF would
then explain the total variance. If in addition the rel-
ative humidity is fixed, the variations of specific hu-
midity throughout the troposphere should also have
the same sign so that the leading EOF would also ex-
plain the total variance of specific humidity.

The time series corresponding to the first and second
EOFs are plotted in Fig. 12a for the specific humidity
variations and in Fig. 12b for the temperature varia-
tions. These time series are obtained by projecting f,,
onto the first and second EOFs. Note that the time
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normalized specific humidity (a) and temperature (b) variations.

series corresponding to the first EOF is dominated by
the El Nifio-Southern Oscillation (ENSO) timescale.
It is well known that ENSO is associated with dramatic
spatial shifts in the tropical convective systems and
that it enhances the communication between the free
troposphere and the convective boundary layer in some
of the more arid regions such as the east Pacific Ocean.
With strong vertical mixing, variations at different lev-
els tend to have the same phase. Thus, the first mode
represents the effects of vertical mixing by deep con-
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(b). Each series has been normalized by its standard deviation.

vection. The percentage of the variance explained may
be regarded as a measure of the mixing effect.

Another interesting feature of Fig. 12a is that the
time series corresponding to the second EOF for the
specific humidity variations is modulated by a very
low frequency signal. Apparently, there is no such sig-
nal in the time series for the temperature variations
(see Fig. 12b). The physical origin of this signal is not
clear. However, systematic errors in the measurements
due to instrumental changes may give such a spurious,
very low frequency signal after the data are averaged
over a large area. When a reversed Hanning window
with a width of 121 was used to suppress the very low
frequency variations, the variance explained by the first
EOF was significantly increased. Thus, it appears that
the relatively weak correlations between the variations
in the upper free troposphere and those at the low levels
may result from a negative correlation between the two
series over very long timescales.

When the humidity data for the above analysis are
limited to the period January 1973 to December 1989,
the first and second EOFs for the specific humidity
variations are very nearly the same as shown in Fig.
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11. In this case, the percentage variance explained by
the first two EOFs are 59% and 16%, respectively.

The above analysis shows that over the El Nifio
timescale, the variations of the specific humidity in the
upper troposphere more or less follow the variations
in the lower troposphere. There is no evidence that the
enhanced convection associated with the occurrence
of El Nifio tends to dry the upper troposphere. How-
ever, an out-of-phase relationship between the varia-
tions in the upper troposphere and those in the lower
troposphere may occur over the decadal timescale. In
the following section, we will examine the role of the
Hadley and Walker circulations in the interannual
variability of the tropospheric humidity.

5. Horizontal structure of variations of water vapor

Figure 13 shows the leading EOF for the normalized
zonal mean variations of specific humidity (Fig. 13a)
and the leading EOF for the normalized zonal mean
variations of temperature (Fig. 13b). The EOF for the
specific humidity variations accounts for 28% of the
total variance, while the leading EOF for the temper-
ature variations explains 42% of the total variance
(When the data for the calculation are limited to Jan-
uary 1973 through December 1989, the EOF for the
specific humidity has the same pattern with 26% vari-
ance explained.) This again shows that there are more
significant modes of variability in the specific humidity
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FI1G. 14. Leading EOF of the normalized variations of specific hu-

midity and temperature at 500 mb. Top: specific humidity; bottom:
temperature.

field. Since interannual variations are mostly associated
with ENSQ, it is not surprising to see that the centers
of action for both the temperature and humidity vari-
ations (i.e., the maximum value) are located in the
deep Tropics. The leading EOF for the temperature
and humidity variations has the same sign throughout
the entire tropical domain, indicating that variations
in different regions tend to be in phase. However, the
spatial pattern of the first EOF for specific humidity
(Fig. 13a) shows that the influence of the center of
action decays quickly away from the center. In contrast,
the spatial pattern of the first EOF for the variations
of temperature (Fig. 13b) shows that variations
throughout the tropical domain are in unison.

Figure 14 shows a global map of the first EOF for
the normalized variations of specific humidity (a) and
temperature (b) at the 500-mb level. The variations at
each data point are normalized by their standard de-
viation. All areas with positive values are shaded. The
percentage of variance explained by the first EOF is
10% in the case of specific humidity (Fig. 14a) and
30% for temperature (Fig. 14b). When the data for the
calculation were limited to the period January 1973
through December 1989, very similar results were ob-
tained. A salient feature in Fig. 14 is that the leading
EOF for specific humidity is characterized by regions
with alternating positive and negative sign, while the
leading EOF for temperature has almost everywhere a
positive sign. The spatial pattern of the leading EOF
for temperature simply reflects the fact that significant
temperature gradients cannot be maintained in the
tropical belt due to the efficient heat transport by waves
(Gill 1982). The spatial pattern of the leading EOF for
specific humidity suggests a correspondence with the
ENSO phenomenon. The positive anomalies over the
east Pacific Ocean are accompanied by negative anom-
alies in the west Pacific region. Similar spatial patterns
for the variations of water vapor were also found in
the three-dimensional EOF analysis by Gaffen et al.
(1991). Note that in their analysis, the long-term trend
was not removed from the data, and consequently the
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first EOF from their analysis does not correspond to
the ENSO signal, but represents the spatial pattern of
the long-term trend. The second EOF from their anal-
ysis resembles our Fig. 14a. Note also that in their
analysis, specific humidity anomalies at four levels
(surface level, 850 mb, 700 mb, and 500 mb) were
concatenated into one array and were not normalized.

Figure 15 shows two snapshots of the spatial distri-
bution of the specific humidity anomalies at 500 mb
for periods that correspond to the 1982-83 El Nifio
and the 1972-73 El Nifio, respectively. As in Fig. 14a,
the two snapshots show that the anomalies over the
eastern Pacific Ocean have the opposite sign of those
over the western Pacific Ocean. However, the negative
anomalies over the west Pacific region for December
1982-February 1983 have a much larger amplitude
and cover a much larger area than those for December
1972-February 1973. The positive anomalies in the
east Pacific region for December 1982-February 1983
also have a larger amplitude than those of December
1972-February 1973. As a consequence, the decrease
of water vapor over the west Pacific region outweighs
the increase over the east Pacific region, which leads
to a net decrease of water vapor in the upper-tropical
troposphere. This probably explains the exceptional
relationship between the tropical mean specific hu-
midity and tropical mean temperature shown earlier

FIG. 15. (a) Spatial distribution of the specific humidity anomalies
g, at 500 mb for December 1982-February 1983; anomalies are in
units of g kg™". (b) Spatial distribution of the specific humidity anom-
alies ¢, at 500 mb for December 1972-February 1973; anomalies are
in units of g kg™'. (c) Spatial distribution of the outgoing longwave
radiation (OLR) anomaly over the Pacific Ocean (contour interval
of 20 W m™2). The anomaly fields are for December 1982-February
1983. Negative anomalies in OLR are indicated by solid lines (labeled
W for “wet””) and correspond to regions of enhanced precipitation.
Positive anomalies in OLR are indicated by dashed lines (D for “dry”).
The bottom figure is adapted from Rasmusson and Wallace (1983).
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in Fig. 3. The features in Fig. 15a are qualitatively con-
sistent with observations of surface precipitation (Phi-
lander 1989). Figure 15¢ shows the anomaly field of
total outgoing longwave radiation (OLR ) for December
1982-February 1983 over the Pacific Ocean. A negative
anomaly in OLR represents enhanced deep convection.
We see that the geographical distribution of specific
humidity anomalies in the upper troposphere is con-
sistent with the OLR anomaly field. The specific hu-
midity field has positive anomalies over regions with
enhanced deep convection and negative anomalies over
regions with decreased deep convection. However, the
positive anomalies over the eastern Pacific region may
have been underestimated due to the poor data cov-
erage over that region (see Raval et al. 1994). During
the 1982-83 El Nifio, the region of tropical storm gen-
esis moved far eastward from its normal position.
Consequently, the underestimation of the positive
anomalies over the eastern Pacific Ocean for the 1982-
83 El Nifio period could be considerable. Note that in
the objective analysis scheme used by Oort (1983), the
zonal average of the available data was used as the
initial-guess field. Thus, the exceptional relationship
between the tropical mean specific humidity anomaly
and the tropical mean temperature anomaly for this
period could be partially related to the poor coverage
over the eastern Pacific Ocean (Raval et al. 1994). For
the same reason, the negative correlations between the
eastern Pacific Ocean and the western Pacific Ocean
shown in Fig. 14 may have been underestimated.

When the very low frequency signals are suppressed
by the use of a reversed Hanning window with a width
of 121, the leading EOF for the horizontal structure of
the specific humidity variations and the explained
variance remain almost the same.

6. Summary of major results

Using 26 yr of recent radiosonde data, we have ex-
amined the relationships between the interannual vari-
ations of temperature and water vapor. We have also
compared the spatial structure of the specific humidity
variations with that of the temperature variations,

a. Relationship with local temperature

We find that the variations of tropical mean specific
humidity at each level of the troposphere have a pos-
itive correlation with the temperature variations at the
same level (Figs. 3 and 4). In a statistical sense, this
implies that water vapor increases with temperature in
both the lower and upper troposphere. We have further
obtained the rate of increase of specific humidity with
temperature through a regression technique. We find
that relative to the mean specific humidity, the rate of
change of specific humidity with temperature in the
upper troposphere is as large as that in the surface
boundary layer. The weakest dependence of water va-
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por on local temperature occurs in the region imme-
diately above the tropical convective boundary layer
(800-500 mb). However, the rate of fractional in-
creases at all levels is smaller than that given by a model
in which the relative humidity is kept fixed (Fig. 6).
The variations of tropical mean relative humidity show
consistently a negative correlation with the temperature
variations (Fig. 7). The largest decrease of tropical
mean relative humidity with the increase of tempera-
ture also occurs in the region immediately above the
tropical convective boundary layer.

b. Relationships between variations of water vapor in
different regions

Compared with the correlations between the varia-
tions of tropical mean temperature in the upper tro-
posphere and those at the surface, the connection be-
tween the tropical mean specific humidity variations
in the upper troposphere and those at the surface is
weak. The weak correlations between variations of
specific humidity in the upper troposphere and those
in the lower troposphere are related to a signal with a
period about 10 yr whose vertical structure has a sign
reversal at about 800 mb, An EOF analysis shows that
to the first order and on the El Nifio timescale, the
variations of tropical mean specific humidity at differ-
ent levels are in phase, which indicates effective mixing
of water vapor in the vertical.

It is in the horizontal direction that the spatial struc-
ture of normalized specific humidity variations differs
significantly from that of normalized temperature
variations. The changes of specific humidity at 500 mb
are characterized by regions with different signs and
have a clear correspondence with the ENSO signal.
The variations of zonal mean specific humidity in the
subtropics are only weakly related to the variations in
the deep Tropics.

7. Final remarks

Raval and Ramanathan (1989) were probably the
first to use observational data to determine the nature
of water vapor feedback in global warming. They ex-
amined the relationship between sea surface temper-
ature and the infrared flux at the top of the atmosphere
for clear-sky conditions. They derived the relationship
from the geographical variations of sea surface tem-
perature and the infrared flux at the top of the atmo-
sphere. The relationship indicates a positive correlation
between sea surface temperature and column-inte-
grated water vapor amount (see also Raval et al. 1994;
Gaffen et al. 1992a). However, whether the tropo-
spheric water vapor content at all levels is positively
correlated with the sea surface temperature is not clear.
More importantly, the air must be subsiding in clear-
sky regions. When there is large-scale subsidence, the
influence from the sea is restricted to a shallow bound-
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ary layer, and the free tropospheric water vapor content
and temperature are physically decoupled from the sea
surface temperature underneath. Thus, it may be ques-
tionable to attribute the relationships obtained in such
a way to the properties of moist convection.

Using SAGE II (Stratospheric Aerosol and Gas Ex-
periment) data, Rind et al. (1990) examined the sea-
sonal variability of water vapor in selected tropical re-
gions and found that changes in the tropospheric water
vapor are positively correlated with changes in the tro-
pospheric temperature. However, a problem with their
analyses is that the Hadley circulation shifts seasonally,
and consequently what they basically compared are
the differences between the ascending region and the
descending region of the Hadley circulation. Their
analysis did not show what will happen to the Hadley
circulation as a whole when the Tropics are warmer
or colder than normal.

The results of the present study are not subject to
the above criticism because the water vapor-temper-
ature relationship is derived from the interannual vari-
ations of tropical mean temperature and humidity.
Thus, our present results should be a better indicator
of the properties of moist convection and more relevant
to the issue of water vapor feedback in global warming.
However, we must caution against accepting interan-
nual variability as a surrogate for long-term climate
change without further studies. The interannual vari-
ability studied here is largely associated with the El
Nifio phenomenon, which is associated with unstable
air-sea interactions (Philander 1989). The perturba-
tions in the atmosphere caused by the air-sea inter-
actions are not necessarily the same as those induced
by the increase of greenhouse gases. Gutzler (1992a)
noted that the vertical structure of the interannual
changes of humidity over the western Pacific Ocean is
different from the vertical structure of the decadal trend
during the past two decades. We find that the vertical
structures of the interannual changes of tropical mean
humidity and temperature also differ significantly from
those of the corresponding decadal trends. However,
one has to be cautious about the reliability of the long-
term trend of humidity because of potential problems
in the data. Although the water vapor-temperature re-
lationship may not be sensitive to the spatial distri-
bution of the temperature perturbation, this has not
been demonstrated explicitly. The longer the timescale,
the more physical processes will be involved, such as
connections with temperature changes outside the
tropical region associated with oceanic variability or
aerosol forcing. Thus, the statistical relationships ob-
tained here from the interannual variability may not
be used directly to determine the humidity changes in
long-term climate variations, such as those due to
global warming associated with the increase of green-
house gases. Nevertheless, the behavior of water vapor
in long-term climate change is unlikely to be completely
independent of its behavior for the short-term fluctu-
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ations, because the same physical processes that are
embodied in the interannual variations must also play
a role in the long-term climate change.

More importantly, the present results offer an ob-
servational basis for checking the results from theo-
retical and numerical studies of the water vapor-tem-
perature relationship. Given the large feedback of water
vapor in GCM calculations of global warming, vali-
dating and improving the water vapor-temperature re-
lationship in GCM simulations are of obvious impor-
tance. Clearly, if the interannual variations of humidity
and temperature simulated by GCMs exhibit the same
relationship and spatial structure as we have found here
in observations, we can have more confidence in GCM
predictions of global warming. The water vapor-tem-
perature relationship and the spatial structures of the
temperature and humidity variations simulated by
GFDL G/CMs will be presented in a subsequent paper.
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