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ABSTRACT

This paper describes a physically based method for the retrieval of upper-tropospheric humidity (UTH) and
upper-tropospheric column water vapor (UTCWYV) based on the use of radiance data collected by the TIROS
Operational Vertical Sounder (TOVS), principally channels 4 (14.2 pm), 6 (13.7 pm), and 12 (6.7 pm) of
High-Resolution Infrared Radiation Sounder. This paper demonstrates how TOVS radiance data, particularly
that of the upper-tropospheric water vapor channel 12, can be modeled usefully using a single band Malkmus
model with parameters tuned to a particular sensor on a particular satellite. A significant uncertainty arises from
the treatment of continuum absorption, even in regions where line absorption is dominant. This uncertainty can
introduce a bias as large as 2 K, which in turn leads to an uncertainty of approximately 15% —20% in the retrieved
UTH and UTCWV. The research described in this paper points to the critical need for high-accuracy measure-
ments of upper-tropospheric water vapor to test retrievals such as the one described herein. The results suggest
that the relative humidity of the upper troposphere, especially over the domain of the Hadley circulation taken
to be between 30°N and 30°S, undergoes a significant seasonal change. This is contrary to the usual assumption
of fixed relative humidity adopted in simple climate feedback studies. Large seasonal changes in the region from
30°N to 30°S are possibly associated with the seasonal swings in the Hadley circulation. Similar seasonal changes
in the 350-hPa overburden indicate that these swings in relative humidity occur as a result of significant seasonal
shifts in the upper-tropospheric water vapor content. In the region equatorward of 30° latitude, the Southern
Hemisphere winter is shown to be significantly drier than the Northern Hemisphere winter. This enhanced drying
is consistent with the existence of more extensive regions of subsidence producing larger regions of dry upper-
tropospheric air in the SH during winter than in the corresponding NH during winter, especially in the subtropical
Eastern Hemisphere. Analyses of the data show the clear effects of moistening in the NH subtropics through the
monsoonal circulations over Asia and North America and little effect of monsoon circulation in the Southern
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Hemisphere.

1. Introduction

Water vapor is an essential constituent of the
earth’s climate system. It plays a decisive role in the
radiative transfer within and from the atmosphere
and is germane to the transport and release of latent
heat in the atmosphere and the rate of evaporation at
the surface. The transport of water vapor also fun-
damentally controls where and why clouds form and
thus is crucial to understanding the role of clouds in
climate.

The precise way in which water vapor acts as a
greenhouse gas is now being tested using global sat-
ellite data. For instance, recent studies examine the ba-
sic relationships between the amount of water vapor in
the atmosphere and components of the earth’s climate
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system, such as temperature (Stephens 1990) and the
earth’s radiation budget (Stephens and Greenwald
1991; Bony and Duvel 1994; Webb et al. 1994; Ste-
phens et al. 1994), in an attempt to clarify its role as a
greenhouse gas. Despite these studies, the feedback be-
tween water vapor, radiation, and global temperature,
considered so fundamental to our climate system, has
come under critical review by Lindzen (1990), who
argues that a global warming will lead to a general
drying of the upper troposphere due to enhanced sub-
sidence accompanying any supposed increase in con-
vection. Since an upper-tropospheric drying leads to an
increase in the emission to space, the proposed positive
feedback between water vapor, temperature, and emis-
sion is weakened or, as Lindzen proposed, reversed,
implying that global warming may actually be over-
estimated in present models. Pierrehumbert (1994 ) ar-
gues that the drying associated with large-scale subsi-
dence plays a fundamental role in keeping the water
vapor feedback in check. Although the suggestion that
the upper troposphere on the whole dries under the sce-
nario of a global warming has been criticized (Betts
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1990; Rind et al. 1991), it is a reminder of the pro-
nounced sensitivity of the outgoing emission of infra-
red radiation to both the amount and distribution of
upper-tropospheric water vapor.

Despite the prominent role of water vapor in defining
the earth’s climate, relatively little effort has gone into
analyses of existing global observations, and only mod-
est resources have been spent on developing new tech-
nologies to accommodate observational needs. The task
of simply determining the global distributions of water
vapor above 500 hPa, let alone understanding its pos-
sible role in climate and global change, remains elusive.
Conventional sonde measurements of upper-tropo-
spheric moisture are unreliable (Elliott and Gaffen
1991), and the quality of any relationship between sat-
ellite radiometric data and upper-tropospheric water
vapor, like those described in this paper, remains un-
certain largely due to a severe lack of verification data.
Nevertheless, the fundamental importance of water va-
por to climate dictates that these satellite data be ana-
lyzed, if for no other reason than to provide motivation
for validation.

The principal objective of the research described in
this paper is to introduce a method for the retrieval of
upper-tropospheric humidity (UTH) and upper-tropo-
spheric column water vapor (UTCWYV) based on the
use of radiance data collected by the TIROS Opera-
tional Vertical Sounder (TOVS). This research ex-
pands upon similar research that uses measurements in
the 6.3-um water vapor band by sensors on geostation-
ary satellites (Schmetz and van de Berg 1994; van de
Berg et al. 1991; Soden and Bretherton 1993), on polar
orbiting satellites (e.g., Raschke and Bandeen 1967,
Hayden et al. 1981), and on previous research using
TOVS (Wu et al. 1993). The satellite data employed
in this study are derived from the HIRS and their char-
acteristics are reviewed in section 2 followed by a dis-
cussion of atmospheric profile data in section 3. A
model of the infrared radiative transfer is introduced in
section 4, and a discussion of transmission models for
bands corresponding to selected TOVS channels is
given. A theoretical basis for the retrieval schemes in-
troduced in this paper is contained in section 5. Section
6 introduces the retrieval approach for UTH and pre-
sents results of this retrieval. Section 7 describes the
retrieval of UTCWYV and presents results of this re-
trieval.

2. Satellite radiance data

Detailed characteristics of the data used in this study
are described by Wu et al. (1993) and further by Bates
et al. (1996). The data used in this study are for the
period from January 1989 to December 1991 and are
obtained from the operational processing of TOVS by
the National Environmental Satellite Data and Infor-
mation Service (NESDIS). The TOVS package con-
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sists of three separate sounding units: the Microwave
Sounding Unit (MSU), the Stratospheric Sounding
Unit (SSU), and the High Resolution Infrared Radia-
tion Sounder (HIRS). The HIRS data obtained from
three IR channels, identified as channels 4, 6, and
12 and centered approximately at 704, 732, and
1484 cm™', respectively, provide the primary source of
information used in this study. Channels 4 and 6 are
located in the 15-um CO, band and are used for oper-
ational temperature sounding, whereas channel 12 is
located within the 6.3-um vibrational —rotational band
of water vapor and is sensitive to changes in upper-
tropospheric moisture and temperature. All radiances
used in this study have been limb corrected by the op-
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FiG. 1. NOAA-10 minus NOAA-11 differences in A.M. and P.M.
averages of channel 4, 6, and 12 N, brightness temperatures as a
function of the 1989 day count. Averages over the Northern Hemi-
sphere, Southern Hemisphere, and globe are labeled as NH, SH, and
G*. Temperature averages are weighted by area.
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FiG. 2. Histograms NOAA-10 minus NOAA-11 temperature differ-
ence annual and global data, given on these diagrams as the mean
differences, the standard deviations, and modeled differences in
brightness temperature.

erational NESDIS TOVS processing package (Wer-
bowetzki 1981; see also Kidwell 1991 for documen-
tation of the TOVS channel characteristics, data prod-
ucts, and formats).

A significant effort has been spent at NESDIS to
establish a clear-sky radiance data subset of TOVS
(e.g., Smith et al. 1979; and further upgraded by
McMillin and Dean 1982; and Swaroop et al. 1988).
These clear-sky radiances, referred to as N, radiances,
are used in this study. The clear-sky radiances using
N,’s as compared to an alternative approach discussed
in Wu et al. (1993) differ by less than 2 K for channel
12. Although this difference is relatively small, the is-
sue of cloud clearing or masking satellite data is cur-
rently a topic of much research, especially as we build
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toward the launch of the Earth Observatory Satellite
(EOS) platforms. Possible cloud contamination of the
radiance data used in this study is a major concern that
will be addressed in further studies. Wu et al. (1993)
also provide an extensive error analysis of channel 12
and show that the angular correction scheme used op-
erationally by NESDIS as well as errors resulting from
a combination of instrument factors leads to a total er-
ror of approximately 2.5 K.

a. Intersatellite brightness temperature differences

Potentially more problematic are the differences that
exist between measurements obtained from different
versions of HIRS instruments on different satellites.
The results of the present study are restricted to mea-
surements obtained from sensors flown on both the
NOAA-10 and NOAA-11 satellites. While further dis-
cussion of this issue is warranted, it is only briefly
addressed here since it is dealt with more extensively
by Bates et al. Examples of the intersatellite dif-
ferences are shown in Fig. 1 in the form of globally
and hemispheric averaged channel 4, 6, and 12 N,, area-
weighted brightness temperatures (hereafter referred to
as T4, T6, and T12, respectively ). These area-weighted
data are presented as 5-day means (hereafter referred
to as pentad means). Pentad means of the A.M. and
P.M. orbits of both NOAA-10 and NOAA-11 satellites
are differenced and plotted as a function of time in
Fig. 1.

The brightness temperature difference data shown
are also depicted in the form of histograms in Figs. 2a—
c. The mean NOAA-10 minus NOAA-11 brightness
temperature differences (in this case not weighted by
area) are given on these diagrams as are the standard
deviations. These average data are presented so as to
compate more directly with model-simulated bright-
ness temperatures derived from individual profile data.
Equivalent satellite-to-satellite rms differences in
brightness temperature derived from the radiative trans-
fer model applied to the 1761 different atmospheric
profiles described below are also given on the dia-
grams. It will also be mentioned below how these sim-
ulations use the published filter functions correspond-
ing to channels 4, 6, and 12 of the HIRS on NOAA-10
and NOAA-11. The simulated differences are generally
similar to the actual brightness temperatures, suggest-
ing that differences in the filter functions defining each
channel of the instrument on different satellites could
explain a significant amount of the observed differ-
ences. However, there could be a variety of other pos-
sible reasons for the biases shown. For all results pre-
sented below, we apply a simple adjustment procedure
by using NOAA-10 as a baseline and subtracting the
mean observed biases deduced from the NOAA-11
brightness temperatures shown in Fig. 2.
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FiG. 3. January and July 1989 monthly mean composites of the (a) T4,

b. Brightness temperature composites

Maps of the A .M. and P.M. pixel radiances using data
composited from NOAA-10 and NOAA-11 satellites
were produced by binning data and averaging to create
global and monthly mean distributions of radiances and
products derived from pixel-level radiances. Examples
of the January and July 1989 monthly mean composites
of the T4, T6, and T12, minus the respective annual
mean temperatures, are shown in Figs. 3a—c. A clearer,
more physical interpretation of these temperatures fol-
lows from the consideration of the weighting functions
discussed below. For the purpose of interpretation,
however, it is relevant to note that the cited levels of
maximum contributions of channels 4, 6, and 12 are
280 hPPa, 725 hPa, and 400 hPa, respectively (Smith et
al. 1979), although a single value of the latter is mean-
ingless. Further discussion of how different layers of
the atmosphere contribute to channel 12 radiances is
given below.

One of the main features of the distributions shown
in Fig. 3a, and to a lesser extent in Fig. 3b, is the rel-
atively small variability of brightness temperature in
the Tropics. The relatively uniform temperature across
the Tropics is a known characteristic of the tropical
atmosphere (e.g., Peixoto and Oort 1992). By contrast,
T12 possesses significant variability in these regions in
a manner associated with large-scale organization of

(b) T6, and (c) T12 minus the respective annual mean temperatures.

deep convection in the intertropical convergence zones
and subsidence poleward of these convective areas.
Since Figs. 3a and 3b suggest that variations of the
thermodynamic temperature across these regions are
small, it is reasonable to suggest that the brightness
temperature variations, evident in Fig. 3c, between ap-
proximately 30°S and 30°N arise largely through mois-
ture variations that occur in the upper troposphere. This
is substantiated below in discussion of the retrieval of
column water vapor amounts.

Figures 4a and 4b present the pentad-mean channel
4, 6, and 12 brightness temperatures averaged between
0°-30°N and S and between 30°S—-30°N (Fig. 4a) and
averaged between 0°~60°N and S and between 60°S
and 60°N (Fig. 4b). The temperatures used to produce
these area averages were derived from a composite of
NOAA-10 and NOAA-11 N, radiances and averaged
over consecutive five-day periods for 1989. The results
are shown as a function of day count and reveal sea-
sonal shifts in hemispheric brightness temperature. The
smallest amplitude of the annual cycles shown in Fig.
4a corresponds to the upper-tropospheric temperature
channel 4. This temperature cycle has a peak-to-peak
value of approximately 1.5 K for the 0°~30°N average
and a maximum that occurs during the summer season.
By contrast, there is little seasonality in the correspond-
ing 0°-30°S averages. Similar features exist in the an-






