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ABSTRACT

Monthly mean precipitable water data obtained from passive microwave radiometry (SMMR ) are correlated
with NMC-blended sea surface temperature data. It is shown that the monthly mean water vapor content of
the atmosphere above the oceans can generally be prescribed from the sea surface temperature with a standard
deviation of 0.36 g cm ~2, The form of the relationship between precipitable water and sea surface temperature
in the range T, > 15°C also resembles that predicted from simple arguments based on the Clausius-Clapeyron
relationship. The annual cycle of the mass of SMMR water vapor integrated over the global oceans is shown
to differ from analyses of fully global water vapor data in both phase and amplitude, and these differences point
to a significant influence of the continents on water vapor. Regional scale analyses of water vapor demonstrate
that monthly averaged water vapor data, when contrasted with the bulk sea surface temperature relationship
developed in this study, reflect various known characteristics of the time mean large-scale circulation over the
oceans. A water vapor parameter is introduced to highlight the effects of large-scale motion on atmospheric
water vapor. Based on the magnitude of this parameter, it is shown that the effects of large-scale flow on

precipitable water vapor are regionally dependent, but for the most part, the influence of circulation is generally

less than about +20% of the seasonal mean.

1. Introduction

The role of water in the energy budget of the climate
system is a topic of growing interest within the climate
research community and has been proposed as the basic
theme of GEWEX (the Global Energy and Water Cycle
Experiment (GEWEX) is a component of the World
Climate Research Program ). At present, however, large
uncertainties exist in the estimation -of the various
components of the global water budget and, conse-
quently, in certain important components of the global
atmospheric and oceanic energy budgets. We now rec-
ognize that the connections between global hydrology
and the Earth’s energy budget are crucial to the problem
of climate change. For instance, the predicted global
warming due to a CO, doubling with water vapor feed-
back is approximately twice the warming predicted
without feedback (the so-called fixed relative humidity
assumption of Manabe and Wetherald 1967). The dis-
tribution of water vapor, its transport, and divergence
are also essential ingredients to our understanding of
the distribution of solid and liquid water in the at-
mosphere and therefore crucial to the significant and
perplexing problem of cloud feedback to climate
change (e.g., Paltridge 1980; Somerville and Remer
1984; Roeckner et al. 1987; Stephens et al. 1990, among
others).
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Water vapor is also important to other physical pro-
cesses that occur in the atmosphere. Water vapor plays
a decisive role in the transfer of radiation through the
atmosphere and is important to the transport and re-
lease of latent heat. The distribution of latent heat re-
lease is a topic that has received considerable attention
over the past decade especially with the burgeoning
interest in the variability of the atmosphere on both
inter- and intra-seasonal time scales. More specifically,
several studies appear in the recent literature on the
topic of intraseasonal variability and most focus on the
explicit coupling between hydrology and atmospheric
dynamics. The results of Gill’s (1982) study on moist
dynamics, for example, provide insight into the role of
moist processes in the physics of low frequency vari-
ability. Webster (1983) also noted the importance
played by hydrological processes in a modeling study
of monsoonal low frequency oscillations. Lau and Peng
(1988) developed a self-consistent theory to explain
intraseasonal oscillations of the tropical atmosphere in
which the effects of latent heating are parameterized
directly as a function of the convergence of water vapor.
In both that study and that of Gill (1982), explicit
relationships between precipitable water vapor and sea
surface temperature had to be assumed. Other studies
(e.g., Emanuel 1987; Neelin et al. 1987) have also al-
Iuded to the importance of evaporation from the warm
ocean as a mechanism for sustaining low frequency
oscillations of the tropical atmosphere.

These problems underscore the growing need to un-
derstand, at the very least, the bulk characteristics of
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the distribution of water vapor over the oceans, and in
particular, its relationship to sea surface temperature.
The importance of water vapor to a variety of atmo-
spheric processes has been recognized for some time
(e.g., Starr et al. 1969), but the poor coverage of con-
ventional radiosonde data over the global oceans has
both hindered our understanding of the distribution
and transport of water vapor and at the same time
highlighted the need for satellite-based measurements
of water vapor. In response to this need, a number of
different satellite approaches have been proposed over
the past two decades to measure atmospheric water
vapor. For instance, there have been several attempts
to estimate water vapor using passive infrared tech-
niques. Shen and Smith (1973) employed satellite in-
frared spectrometer radiation measurements (SIRS-B)
taken from the Nimbus-4 satellite to estimate precip-
itable water. Retrieval of moisture fields from mea-
surements made with the HIRS instrument on the
Nimbus-6 and TIROS-N satellites have been made by
Hillger and Vonder Haar (1981) and Hayden et al.
(1981). Prabhakara et al. (1979) used the high reso-
lution spectral measurements obtained from the IRIS
instrument flown on the Nimbus 4 satellite to study
the distribution of precipitable water over the ocean.
Perhaps most promising are techniques based on pas-
sive microwave remote sensing. For example, studies
such as those of Staelin et al. (1976), Chang and Wilheit
(1979), Grody et al. (1980), Njoku and Swanson
(1984), Prabhakara et al. (1982, 1985), and Wentz
(1983) among others have demonstrated the viability
of microwave sensing of precipitable water over the
world’s oceans. :

The aim of this study is to examine the relationship
between monthly averaged precipitable water and sea
surface temperature. The basic idea of relating precip-
itable water to surface measurements is not new. For
example, Reitan (1963), Smith (1966), and Viswan-
adham ( 1981) attempted to correlate precipitable water
to surface due point temperature with ranging degrees
of success. While these studies apply over land, Liu
and Niiler (1984) and Liu (1986) considered the cor-
relation of precipitable water to surface mixing ratio
over the oceans in an attempt to derive an estimate of
monthly mean latent heat flux at the ocean surface. In
the present study, precipitable water is correlated to
the sea surface temperature. In general, we expect this
. relationship to be complicated by the influence of both
large-scale atmospheric circulation features on precip-
itable water as well as local processes that influence the
relative difference between evaporation from and pre-
cipitation to the surface. Unlike the previously men-
tioned studies, the present study aims to provide some
idea of the relative importance of large-scale processes
versus local effects on the monthly averaged water va-
por over the oceans. The data sources used in this study
are described in section 2, and a simple theoretical re-
lationship between precipitable water and sea surface
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temperature is developed in section 3. Comparisons
between the observed relationships and the theoretical
relationship are presented in section 4, and departures
from the bulk relationship are shown to identify large-
scale circulation influences on water vapor.

2. Data sources

The water vapor data used in the analyses described
in this paper are derived from the algorithm developed
by Prabhakara et al. (1982) based on the measured
microwave brightness temperatures at 21 and 18 GHz
obtained by the Scanning Multichannel Microwave
Radiometer (SMMR ) flown on Nimbus-7. An advan-
tage of their retrieval scheme, and one especially rel-
evant to the desired goals of the research described here,
lies in the formulation of the retrieval in terms of the
difference of brightness temperature between two ad-
jacent frequencies. By differencing these temperatures,
the radiometric effects of sea surface emission, and thus
any significant sea surface temperature biases in the
data, are therefore minimized. Similarly, the effects of
cloud water droplets and precipitation on microwave
emission and thus on the retrieved water vapor are
largely mitigated by using the difference between two
adjacent frequencies. In an assessment of their retrieval
approach, Prabhakara et al. claim that the integrated
water vapor content could be obtained with an rms
error of about 0.25 g cm ~2 based on comparison with
radiosonde measurements of water vapor. This quoted
error is similar to that estimated by Alishouse (1983)
who used a different retrieval approach on SMMR
measurements and is also comparable to the estimated
error in precipitable water obtained from radiosonde
data. The SMMR data used in this study are monthly
averages and span a period of approximately five years'
(January 1979 to September 1983 ) including the period
of the much studied 1982-83 El Nifio event. The data
are grouped into rectangular areas 3° latitude by 5°
longitude over the oceans from 75°N to 75°S. Figure
1 shows the 3 X 5 ocean grid on which the water vapor
data are distributed. The data-void blackened areas
cover approximately 55% of the total global surface
area. Because of the one day on, one day off cycle and
occasional missing or bad data, approximately 150 ob-
servations per month were obtained for each 3 X 5 grid
box. Furthermore, the sun synchronous orbit of the
Nimbus 7 provides for only two sets of observations
each day that data are taken, and the possibility of a
diurnal bias in the data due to an inadequate sampling
of the diurnal cycle cannot be ruled out.

The monthly averaged sea surface teinperature
(SST) data used here are part of the 2.5° global gridded

! The reported comparison between radiosonde and retrieved water
vapor was carried out systematically throughout the entire period.
No appreciable effects of channel drift are evident in these compar-
isons (Prabhakara, personal communication ).
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FIG. 1. Map portraying the ocean grid used in the analysis of SMMR water vapor data.
The data void areas (blackened) lie over major land masses and islands.

SST dataset produced operationally by the National
Meteorological Center (NMC) by “blending” in situ
and satellite observations. The in situ data consist of
ship and buoy observations, and the satellite obser-
vations are obtained using multichannel SST tech-
niques based on the AVHRR observations on the
NOAA polar orbiting satellites (e.g., McClain et al.
1985). Because the first available month of these data
is May 1979, a total of 52 months of concurrent SST
and water vapor data are available for the analyses pre-
sented in this paper. A problem of NMC’s SST analysis
concerns the best way to blend the satellite and ship
datasets to maximize the information in each. The
method adopted at NMC was to use two days of in situ
and satellite data to form the blended product. These
products were then averaged to produce the monthly
mean SST data used in this study. Unfortunately the
two-day period chosen for the blending left significant
areas of ocean undersampled, and SST information
for these areas tended to be weighted towards clima-
tology. As a result, the dataset for the time period that
coincides with the SMMR data suffers from a tendency
to smooth over SST anomalies (Gemmil, private com-
munication). Recognition of these problems helped
prompt NMC to undertake a modified analysis of SST
observations by blending data collected over a period
longer than 2 days (e.g., Reynolds 1988). Unfortu-
nately, these improved SST data are not available for
the SMMR time frame. However, the impact of these
limitations on the analyses described below are likely
to be relatively small given the interest of this study on
climatological relationships between SST and water
vapor.

A detailed discussion of water vapor distribution has

" been provided in earlier studies of Chang et al. (1984)

and Prabhakara et al. (1985). The seasonal climatolo-
gies of the SMMR water vapor are well described by
Prabhakara et al. (1985). The seasonal climatologies
of the SMMR water vapor are well described by Pra-
bhakara et al. (1985), and two examples are shown in
Figs. 2a and 3a for the periods December to February
(DJF) and June to August (JJA) averaged over the
three non-El Nifio years. The respective climatologies
of SST that match these global water vapor distribu-
tions are shown in Figs. 2b and 3b. A principal feature
to note is the large area of atmospheric moisture greater
than 5 g cm 2 over the equatorial Indian and western
Pacific oceans (shaded area) which roughly corre-
sponds to the pool of water warmer than about 29°C
(referred to as the western Pacific warm pool). This is
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FIG. 2a. The climatological distribution of SMMR precipitable
water obtained as an average of the three DJF seasons for the years
indicated. Contours have units of g cm ™2,
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FI1G. 2b. The climatological distribution of SST obtained as an
average of the same DJF seasons used to obtain Fig. 2a. Contours
have units of °C. The warm pool regions exceeding 28°C are high-
lighted.

a persistent feature of both seasonal climatologies al-
though the position and size of the moist air varies
with season. Also of note are the regions of relatively
low water vapor located over the eastern subtropical
waters and associated with cold upwelling off the coasts
of California, Chile, west Africa, and Angola.

In contrast to these climatologies, water vapor and
SST anomalies during May 1983, defined relative to
the average of the three May months during the period
1979 to 1981, are shown in Figs. 4a and 4b respectively.
A distinct feature of the water vapor anomaly distri-
bution is the large area of positive anomaly (in excess
of 1.2 g cm ~2) in the equatorial east Pacific associated
with a warm SST anomaly in this region. Another ob-
vious feature is the band of dry air across the Pacific
that branches out from the equatorial west Pacific east-
ward and northward into midlatitudes. A less extensive
negative anomaly also occurs in the south Pacific off
the coast of Chile.

The qualitative comparison of the anomaly fields
provided by Figs. 4a and 4b reveals that a number of
broadscale features of the water vapor anomaly are re-
lated to anomalies in SST. The negative water vapor
anomalies just noted more or less match the negative
SST anomalies. However, the correlation between wa-
ter vapor and SST does not always hold. For instance,
the area of negative SST anomaly in the equatorial

FIG. 3b. As in Fig. 2b but for JJA.

west Pacific is not realized as a negative anomaly in
water vapor. Furthermore, the area of positive SST
anomaly in the eastern Pacific is less extensive than
the positive water vapor anomaly in this region.

3. Analysis procedure

Despite the complicating influences of both dynam-
ics and thermodynamics on water vapor distribution,
it is generally believed that its vertical distribution as-
sumes a simple and predictable character. With this in
mind, it is proposed that the vertical profile of specific
humidity g has the form used previously for example
by Smith (1966) and Sellers (1973) among others,
namely

(1)

where p is pressure and ¢, p, are the respective surface
values. The interpretation of A is such that the scale
height of water vapor is H/\ where H is the atmo-
spheric scale height. If we take 7 km for a typical value
of H and 2 km for the water vapor scale height, then
a typical value of X is 3.5.

It follows from the integration of (1) from p = 0 to
D = p, that the precipitable water is

q = qo(p/po)*

0.622 e,
W= _bo

g 1+ ()

T 3.
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F1G. 3a. As Fig. 2a but for the three JJA seasons
of the years indicated.

FIG. 4a. The May 1983 precipitable water anomaly distribution
(contours have units of g cm %),
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FIG. 4b. The May 1983 SST anomaly field (°C).

where ¢, in this expression is'the surface vapor pressure

(3)

and r is the surface value of relative humidity. In (3),
e¥ is the saturation vapor pressure (in mb) which is
determined from an approximation to the Clausius-
Clapeyron equation of the form

e} = 17.044¢%739 (4)

where T is the SST (Kelvin) and a ~ 0.064 K™!.
From (2), (3), and (4), the relationship between pre-
cipitable water w (in g cm ~2) and SST then follows as

r
1+A

where the factor r/(1 + \) is deduced below by least
squares fitting of SMMR derived values of w and the
NMC SSTs to (5). The relationship expressed by (5)
is provided only as a convenient point of reference for
the analysis of the observations described below, and
no claim is made that (5) actually represents the ob-
served relationship between w and SST although it is
shown that (5) fits the observations well for SSTs in
excess of 15°C.

w= 10.82( )e“"rm) (5)

4. Results
a. Global relationships

Figures 5a and 5b provide graphical examples of the
relationship between the seasonal means of SMMR
derived precipitable water and SST averaged for the
five June to August (JJA) seasons and the four Decem-
ber to February (DJF) seasons contained in the 52-
month dataset (upper panels). The points represented
by open circles are the average of all observations that
fall within a 1°C temperature range centered about the
given temperature. The extent of the shading above
and below each of these average points represents the
standard deviation for the data of each bin. Shown in
the lower panel are the number of observations con-
tained in the bin which were used to determine both
the average and standard deviations. Apparent from
both diagrams is the expected but dramatic increase in
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FIG. 5. Graphical representations of the relationship between pre-
cipitable water and SST (upper panels) obtained from the composite
of all (a) DJF and (b) JJA seasons contained in the dataset. The
shading above and below each point is one standard deviation above
and below the averaged data point. The number of observations used
to form this average and standard deviation are shown as histograms
in the lower panel.

atmospheric water vapor as SST is increased above
about 20°C. This feature is also apparent in Fig. 6
which shows the annually averaged relationship derived






