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ABSTRACT

A comprehensive and accurate global water vapor dataset is critical to the adequate understanding of water vapor’s
role in the earth’s climate system. To begin to satisfy this need, the authors have produced a blended dataset made up of
global, 5-yr (1988-92), 1°x 1° spatial resolution, atmospheric water vapor (WV) and liquid water path products. These
new products consist of both the daily total column—integrated composites and a multilayered WV product at three
layers (1000-700, 700-500, 500-300 mb). The analyses combine WYV retrievals from the Television and Infrared Op-
erational Satellite (TIROS) Operational Vertical Sounder (TOVS), the Special Sensor Microwave/Imager, and radio-
sonde observations. The global, vertical-layered water vapor dataset was developed by slicing the blended total column
water vapor using layer information from TOVS and radiosonde. Also produced was a companion, over oceans only,
liquid water path dataset. Satellite observations of liquid water path are growing in importance since many of the glo-
bal climate models are now either incorporating or contain liquid water as an explicit variable. The complete dataset
(all three products) has been named NVAP, an acronym for National Aeronautics and Space Administration Water
Vapor Project.

This paper provides examples of the new dataset as well as scientific analysis of the observed annual cycle and the
interannual variability of water vapor at global, hemispheric, and regional scales. A distinct global annual cycle is shown
to be dominated by the Northern Hemisphere observations. Planetary-scale variations are found to relate well to recent
independent estimates of tropospheric temperature variations. Maps of regional interannual variability in the 5-yr pe-
riod show the effect of the 1992 ENSO and other features.

1.Introduction

There is an urgent need for a comprehensive and
accurate global water vapor dataset to assist many im-
portant scientific studies in the atmospheric sciences.
During the next decade, many World Climate Re-
search Programme (1990) experiments will use
present-day and future datasets to improve our under-
standing of the role of moisture in climate and its in-
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teraction with other variables such as clouds and ra-
diation. Included in these experiments are the Global
Energy and Water Cycle Experiment (GEWEX) and
the GEWEX Continental-Scale International Project.
Many aspects of climate research are dependent on
accurate water budget data. These include, but are not
limited to, poleward energy transports, general circu-
lation model (GCM) verification, regional climate
studies, and global change baseline measurements
(Vonder Haar 1994). The new dataset described here
is the first of several new “pilot” datasets to address
these needs (e.g., Chahine and Susskind 1991; Chedin
et al. 1994). It does so with a combination of radio-
sonde and satellite infrared and satellite microwave
retrievals. This dataset will help build the foundation
from which investigators of future GEWEX-related
and Earth Observing System-related work can learn
and build upon.

Currently, atmospheric water vapor measurements
are made from a variety of sources including radio-
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sondes, aircraft and surface observations, and, in more
recent years, by various satellite instruments. Since
these individual sources of data have certain limita-
tions, it follows that a truly global moisture dataset
should be derived from a combination of these mea-
surement systems (Schubert et al. 1993). For many
years, large-scale studies of atmospheric water vapor
have relied wholly upon the analysis of radiosonde
data (Bannon and Steele 1960; Oort 1983). Recently,
there have been efforts to develop algorithms in or-
der to retrieve the global water vapor (WV) clima-
tology from either infrared or microwave space-based
observations (Prabhakara et al. 1982; Trenberth and
Guillemot 1995). Satellite-based observations are
critical to this climatology effort because significant
horizontal gradients in total column water vapor can
exist between ground-based stations (e.g., Chesters
et al. 1983). Analyses using only radiosonde data tend
to smooth out these mesoscale gradients, which are
important to the cloudiness, precipitation, and radia-
tion balance fields. These fields are under special
study by many scientists because of their central role
in scale interactions in the climate system.

Large radiosonde data gaps over the oceans, and
even over some land areas (e.g., Africa), limit the
ability to define the global water vapor distribution.
The newer data sources, such as those from infrared
and microwave satellite sensors, can greatly enhance
the global coverage on a daily basis. Examples of
presently available large-scale WV datasets include
satellite microwave retrievals from the Defense
Meteorological Satellite Program (DMSP) Special
Sensor Microwave Imager (SSM/I) data over ocean
(Jackson and Stephens 1995), Television and Infra-
red Operational Satellite (TTROS) Operation Verti-
cal Sounder (TOVYS) infrared retrievals over land and
ocean (Rossow et al. 1991; Wittmeyer and Vonder
Haar 1994), upper-tropospheric relative humidity
from geostationary satellites (Schmetz et al. 1995),
and a number of datasets using special radiosonde
measurements for research purposes on limited time
and space scales. Also available are model-analyzed
4D data assimilated (in many cases operational analy-
sis) global humidity fields from the European Centre
for Medium-Range Weather Forecasts (ECMWF) and
the National Centers for Environmental Prediction
(NCEP, formerly the National Meteorological Cen-
ter) (Trenberth and Olson 1988).

As noted previously, each of the above datasets
has significant limitations. Radiosonde measurements
are made primarily over land with limited spatial and
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temporal coverage, infrared satellite techniques
are only applicable in the absence of significant cloud
cover, and microwave retrievals are presently fea-
sible only over oceans. In addition, the satellite data-
sets have unobserved geographic areas each day.
Figure 1, which shows the single-day plots of avail-
able data for 10 July 1989, illustrates these limitations.
A comprehensive, blended WV dataset, accurate in
all meteorological and geographical scenarios, must
work within the limitations of these observing sys-
tems while using the advantages of each. The result
is a synergistic effort far better than any single-input
dataset, yielding significant improvements in the daily
representation of the moisture fields. Use of a blended
WYV dataset in climate model studies will greatly
improve our understanding of many of the most dif-
ficult phenomena to characterize; those relying
heavily on an accurate description of the moisture
field. '

The development of a global cloud liquid water prod-
uct is also important to the understanding of the earth’s
climate system. There is a growing number of scientific
studies aimed at characterizing the observed relation-
ship between physical cloud properties and the Earth
Radiation Budget (ERB). For example, Stephens and
Greenwald (1991) investigated the connection between
cloud albedo and cloud liquid water path (LWP), while
Greenwald et al. (1995) examined the climatic char-
acteristics of cloud LWP and also the relationship
between the ERB and cloud LWP using collocated
SSM/I and Earth Radiation Budget Experiment
(ERBE) scanner measurements. Also, Zuidema and
Hartmann (1995) investigated the cloud microphysi-
cal properties of marine stratus using a combination
of ERBE albedo and SSM/I measurements.

2.Input data

To address the need for a comprehensive global
water vapor dataset, including cloud liquid water over
the oceans, we have produced a blended global analy-
sis consisting of 5 years (1988-92), at a 1° lat
x 1° long spatial resolution, with daily, pentad, and
monthly temporal resolutions. This consists of both
daily total column—integrated composites and a mul-
tilayered WV product at three layers (1000-700, 700-
500, 500-300 mb). Radiosonde, SSM/I, and TOVS
retrievals have been combined to produce these glo-
bal products. The following sections describe the in-
dividual datasets used as input, the products produced
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ings were terminated at the 300-mb level since hu-
midity measurements are considered unreliable above
that point.

b. Special Sensor Microwave Imager (SSM/I)

The first of the satellite datasets used in the blended
product was derived from the SSM/I, which was flown
on the DMSP F§ and F11 satellites. The SSM/I is a
passive dual-polarization instrument (channels at
19.35, 22.235, 37.0, and 85.5 GHz) designed to pro-
vide measurements of rainfall, water vapor, liquid
water, and near-surface wind speed over ocean sur-
faces and the surface characteristics of sea ice and
land. The DMSP F8 satellite (launched 19 June 1987)
was the source of data through 1991 and measure-
ments from the DMSP F11 (launched 28 November
1991) extended the dataset through the end of 1992.
The F8 and F11 satellites have sun-synchronous equa-
torial crossing times of 0615 and 1704 (local time),
respectively.

A retrieval scheme based on the physical method
employed by Greenwald et al. (1993) was used to si-
multaneously retrieve over the oceans both total col-
umn water vapor and integrated cloud liquid water.
This scheme was an extension of the method of
Tjemkes et al. (1991) and is based on measurements
at 19.35 and 37 GHz.

The retrieval model requires several input param-
eters, the first of which is sea surface temperature
(SST). NVAP used monthly mean SSTs produced by
NCEP on a 2° lat x 2° long global grid (Reynolds
1988). The next input parameter is the near-surface
wind speed, which is derived from the SSM/I bright-
ness temperatures using the Goodberlet et al. (1989)
algorithm. Since the Goodberlet method is less reli-
able in regions of high water vapor, the Bates (1991)
method is used instead for SST greater than 300 K. A
mean cloud temperature is also required in the model
and was specified as the SST minus 6 K, following
Greenwald et al. (1993). '

One important aspect of the processing involved
intercalibrating measurements from the F8 and F11
satellites in order to provide a consistent dataset from
one satellite to another. Near-coincident (i.e., within
about 18 min) and collocated data from the two satel-
lites were compared in December 1991, and the calibra-
tion factors in the model were adjusted accordingly.

There are three significant sources of contamina-
tion in the SSM/I retrievals. The first is land contami-
nation, which can result in an overestimation in the
retrieved WV and LWP quantities. A 0.5° lat
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x 0.5° long land mask was used to prevent retrievals
over land regions. However, land contamination was
evident in certain clusters of small islands that were
not included in the land mask. The final quality con-
trol procedure included manually searching and elimi-
nating gridded data in these specific areas.

The second contamination problem is due to sea
ice. Sea ice contamination was found to be more prob-
lematic than land contamination since the surface
characteristics of sea ice are highly variable and since
the areal extent of the ice changes seasonally. Sea ice
was detected at the pixel level using a simple version
of the AES/YORK algorithm developed for the SSM/L
calibration/validation effort (Hollinger et al. 1991). As
with land contamination, an additional screening of
the datasets was done to eliminate erroneous data.

The final problem was precipitation contamination.
For precipitating clouds, microwave retrievals of wa-
ter vapor are likely to be overestimated resulting in a
less reliable cloud liquid water retrieval. In this ver-
sion of the dataset, quality control measures were
implemented to detect and eliminate precipitation con-
taminated retrievals. However, caution must still be
observed when using these datasets in areas of heavily
precipitating cloud systems because the method could
yield retrieval errors that are undetected (Greenwald
et al. 1993).

c. TIROS Operational Vertical Sounder (TOVS)
Operational satellite-based WV retrievals have
been made since 1978 by the NOAA/National Envi-
ronmental Satellite Data and Information Service
(NESDIS) (Werbowtzki 1981), using raw data col-
lected from the NOAA series of operational polar-
orbiting satellites. Data from NOAA-9, -10, -11, and
-12 satellites were used during the NVAP data period.
These satellites have a near-polar sun-synchronous
orbit with a 102-min period and have local equato-
rial ascending node crossing times of 1420, 1930,
1340, and 1930 LT, respectively. The TOVS instru-
ment package—for retrieval of atmospheric tempera-
ture, ozone, and humidity—is carried aboard these
satellite platforms and is made up of the second-
generation High Resolution Infrared Radiation
Sounder (HIRS/2), the Microwave Sounding Unit
(MSU), and the Stratospheric Sounding Unit. These
instruments are cross-track scanners with different reso-
lutions (ranging from 18.5-148 km) and swath widths
(1234-2230 km) (Kidder and Vonder Haar 1995).
Measurements from all three instruments are used
for the retrieval of vertical temperature and moisture
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profiles. A different combination of channels are re-
quired depending on clear or cloudy sky conditions.
The retrieval scheme is based on the radiance vari-
ance approach proposed by Smith and Woolf (1984),
and later modified by Fleming et al. (1986) and Reale
et al. (1989). The three HIRS/2 channels most sensi-
tive to water vapor are not used in the moisture re-
trieval. Instead, radiance data from HIRS/2 and MSU
channels, primarily centered on the CO, and O, ab-
sorption bands are used to simultaneously generate
temperature soundings and layered moisture in a
single-solution matrix (Reale et al. 1989). The selected
channels, though not centered on the primary mois-
ture absorbing frequencies, still contain considerable
absorption by water vapor. A statistical eigenvector
regression method was used before 16 September
1988 and was succeeded thereafter by a physical
scheme (used for the majority of the NVAP dataset).

For the NVAP project, the operational TOVS
sounding products produced by NESDIS were used.
This quality controlled dataset is available from other
members of the water vapor science community (e.g.,
J. Bates at NOAA/Cooperative Institute for Research
in Environmental Science). The data included total
and three-layered WV for approximately 25 000 re-
trievals per day with geographical spacing of approxi-
mately 2° lat/long. Our local TOVS processing
consisted of gridding the WV retrievals into 1° lat
% 1° long bins and applying only minimal quality con-
trol during the blending process. Erroneous TOVS
data points, identified by comparison with the other
two input datasets, were generally found in desert or
coastal areas and were removed in the quality control
screening, as discussed in section 3.

There are two problems inherent in all infrared
moisture retrievals that tend to limit the dynamic range
of the TOVS data. First, the inability to perform re-
trievals in areas of thick clouds can cause a “dry bias”
(Wu et al. 1993). Second, limitations in infrared ra-
diative transfer theory can cause significant overesti-
mation of WV in regions of large-scale subsidence
(Stephens et al. 1994). For these reasons, SSM/I data
are given a higher total column WV confidence level
than TOVS data.

3. Data quality control
Quality control is essential in order to produce a

quality global data product. An important aspect of
the NV AP dataset was direct human intervention and,
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therefore, every daily grid was examined by a team
of meteorologists. With each of the three input
datasets, there are certain conditions for which the WV
estimates may be inaccurate. Knowledge of these con-
ditions enabled the NV AP quality control team to fo-
cus on potential problem areas and recognize possible
inaccurate values. Other factors such as climate, ter-
rain, and time consistency were also taken into account.

Use of Elliott’s radiosonde dataset greatly reduced
the required amount of manual quality control re-
quired. Most of the unusual or erroneous values had
previously been eliminated; however, there were still
a few problem stations. These would appear as sta-
tions that reported consistently higher WV than sur-
rounding radiosonde or satellite retrievals. One
possible reason for such a bias is the inherent limita-
tions of various radiosonde instrumentation (Elliott
and Gaffen 1991). There are approximately a dozen
different suppliers of radiosondes worldwide, with
wide differences between humidity sensors. The Finn-
ish Vaisala, with a thin film capacitive humidity sen-
sor, and the U.S. VIZ, with a carbon hygristor, are
considered to have good response times. These instru-
ments are used predominately by the United States and
European countries and their associates. However,
other models have a much slower response time in
humidity measurements, especially at upper levels.
This lag can cause a moist bias in the readings. India
uses a lithium chloride element in their humidity sen-
sors, which is known to have a much slower response
time. Another humidity device called “a goldbeater’s
skin hydrometer,” used by many Chinese stations, is
also known to have a slower response time. The
slower response of these instruments provides a rea-
sonable explanation for most of the higher values re-
moved in these areas.

As mentioned previously, two primary quality con-
trol problems with SSM/I measurements are land and
sea ice contamination, with sea ice being the most
common. For both of these effects, the moisture re-
trievals are usually excessively high and this makes
the detection of erroneous values fairly easy. How-
ever, high-latitude waters such as those adjacent to
Antarctica, Greenland, Siberia, and Japan can have
occasional ice contamination not removed by the ice
detection algorithm. Land contamination is a less sig-
nificant problem than sea ice since these can be elimi-
nated with a geographical mask. However, areas
containing many small islands or rock outcroppings
can contaminate the retrievals such as the area around
South Georgia and the South Sandwich Islands, south-
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