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ABSTRACT

Extremely dry conditions characterized by amounts of precipitable water vapor (PWV) as low as 1–2 mm
commonly occur in high-latitude regions during the winter months. While such dry atmospheres carry only
a few percent of the latent heat energy compared to tropical atmospheres, the effects of low vapor amounts
on the polar radiation budget—both directly through modulation of longwave radiation and indirectly
through the formation of clouds—are considerable. Accurate measurements of PWV during such dry
conditions are needed to improve polar radiation models for use in understanding and predicting change in
the climatically sensitive polar regions. To this end, the strong water-vapor absorption line at 183.310 GHz
provides a unique means of measuring low amounts of PWV. Weighting function analysis, forward model
calculations based upon a 7-yr radiosonde dataset, and retrieval simulations consistently predict that ra-
diometric measurements made using several millimeter-wavelength (MMW) channels near the 183-GHz
line, together with established microwave (MW) measurements near the 22.235-GHz water-vapor line and
�31-GHz atmospheric absorption window can be used to determine within 5% uncertainty the full range
of PWV expected in the Arctic. This combined capability stands in spite of accuracy limitations stemming
from uncertainties due to the sensitivity of the vertical distribution of temperature and water vapor at
MMW channels.

In this study the potential of MMW radiometry using the 183-GHz line for measuring low amounts of
PWV is demonstrated both theoretically and experimentally. The study uses data obtained during March
1999 as part of an experiment conducted at the Department of Energy’s Cloud and Radiation Testbed
(CART) site near Barrow, Alaska. Several radiometers from both NOAA and NASA were deployed
during the experiment to provide the first combined MMW and MW ground-based dataset during dry Arctic
conditions. Single-channel retrievals of PWV were performed using the MW and MMW data. Discrepancies
in the retrieved values were found to be consistent with differences observed between measured brightness
temperatures (TBs) and forward-modeled TBs based on concurrent radiosonde profiles. These discrepan-
cies are greater than can be explained by radiometer measurement error alone; errors in the absorption
models and uncertainty in the radiosonde measurements contribute to the discrepancies observed. The
measurements, retrieval technique, and line model discrepancies are discussed, along with difficulties and
potential of MMW/MW PWV measurement.

1. Introduction

The polar regions are an important but ill-under-
stood component of the global climate system. In re-
sponse to the need for improved understanding of the

effect of the polar regions on global climate, the De-
partment of Energy’s (DOE) Atmospheric Radiation
Measurement (ARM) program established a climate
observation site on the North Slope of Alaska/Adjacent
Arctic Ocean (NSA/AAO) in 1997 (Stamnes et al.
1999; Stokes and Schwartz 1994; Ackerman and Stokes
2003). The establishment of this site followed the year-
long Surface Heat and Energy Budget of the Arctic
(SHEBA) study (Curry et al. 2000); many similar in-

Corresponding author address: Paul Racette, NASA GSFC,
Mail Code 555, Greenbelt, MD 20771.
E-mail: Paul.E.Racette@nasa.gov

VOLUME 22 J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y APRIL 2005

© 2005 American Meteorological Society 317

JTECH1711



struments deployed during SHEBA are deployed at the
NSA/AAO Cloud and Radiation Testbed (CART) site.
Many of the important scientific questions associated
with the Arctic region are discussed by Stamnes et al.
(1999) and by Curry et al. (1996). These studies have
shown that water vapor and clouds play an essential
role in moderating earth’s climate and that accurate
measurements of the atmospheric water distribution
are needed to adequately model earth’s radiation bud-
get. In our work, we focus on the difficult problem of
measuring precipitable water vapor during cold and dry
conditions.

Detailed spectral measurements of downwelling in-
frared radiation were available during SHEBA and are
currently being recorded at the NSA/AAO CART site.
The measurements were made by an extended-range
version of the Atmospheric Emitted Radiance Interfer-
ometer (AERI-ER; Revercomb et al. 1998; Tobin et al.
1999), which covers the spectral range from 380 to 3000
cm�1. As has been shown by Clough et al. (1992), the
transparent portion of the water-vapor rotational band
from 250 to 600 cm�1 is important for the earth’s en-
ergy balance. Modeling of this region is thus of particu-
lar importance. The modeling of measurements taken
by AERI-ER during SHEBA was done using detailed
Line-by-Line Radiative Transfer Models (LBLRTM;
Tobin et al. 1999). Their results showed discrepancies
between measurements and calculations that could be
ascribed to errors in the radiosonde measurements of
water-vapor profiles. Such concerns have plagued the
ARM community and have been discussed by Lesht
(1999), Clough et al. (1996, 1999), Turner et al. (2003),
Wang et al. (2002), and Westwater et al. (2003). An
important instrument used in identifying such problems
has been the ARM dual-frequency microwave radiom-
eter (MWR) (Liljegren 2000). However, the sensitivity
of this instrument in measuring precipitable water va-
por (PWV) at the low concentrations that frequently
exist in the Arctic (PWV � 5 mm) is limited due to the
sensitivity of the brightness temperature to water vapor
and the inherent measurement error. Accordingly, the
objective of our study is to examine the theoretical and
experimental use of millimeterwave (MMW) and mi-
crowave (MW) radiometers to measure low amounts of
PWV.

The measurement of PWV is well established using
ground-based MW radiometry (Westwater 1978; Hogg
et al. 1983; Janssen 1985). Dual-channel MWRs are op-
erated routinely at the ARM CART sites at the South-
ern Great Plains (SGP) in Oklahoma, in the tropical
western Pacific, and at the NSA/AAO (Stokes and
Schwartz 1994; Ackerman and Stokes 2003). The
MWRs operating at the SGP and tropical western Pa-
cific CART sites have been useful in identifying biases
in radiosondes (Clough et al. 1996, 1999; Revercomb et
al. 2003, Turner et al. 2003; Westwater et al. 2003).
These radiometers are manufactured by Radiometrics
Corporation (see online at www.radiometrics.com) and

have proven to provide reliable measurements of PWV
with uncertainty of �1.0 mm under conditions of mod-
erate to heavy water-vapor burden (Revercomb et al.
2003) along with measurements of integrated cloud liq-
uid or liquid water path (LWP). A complete description
of these instruments, as well as a description of their
calibration procedure, is given by Liljegren (2000).

MMW radiometry has been used for more than two
decades to measure tropospheric water-vapor distribu-
tions from aircraft and satellite platforms. It is particu-
larly well suited for water-vapor measurements because
of the strong response to water vapor exhibited at the
183 GHz and higher-frequency absorption lines. Spec-
troscopic measurements made near the 183-GHz line
and adjacent “window” regions permit retrievals of
profiles of water vapor (Wang et al. 1983; Kakar and
Lambrigtsen 1984). In 1991 water-vapor profiles based
upon measurements made near the 183-GHz line were
first made by the Special Sensor Microwave/
Temperature-2 (SSM/T-2) instrument onboard the De-
fense Meteorological Satellite Program (DMSP) F-11
satellite (Falcone et al. 1992). During the 1990s, many
studies were conducted on the use of MMW radiometry
to measure water vapor, precipitation, and clouds.
Wang et al. (1997) reported a technique for deriving
three-dimensional water-vapor profiles using MMW
measurements made at oblique incidences. The effects
of clouds on water-vapor profiles retrieved using MMW
radiometry have also been investigated (Wang et al.
1997). Wang et al. (1998) showed that ice clouds have
minimal impact on measurements made between 90
and 220 GHz. This same frequency range was shown to
be sensitive to the presence of liquid clouds. The appli-
cation of airborne and spaceborne MMW measure-
ments to retrieve PWV over the Arctic has been subject
of more recent studies (Wang et al. 2001; J. Wang et al.
2002; J. R. Wang 2002; Manning and Wang 2003).
Though the application of nadir-viewing airborne and
spaceborne MMW radiometry is well established, the
application of ground-based MMW measurements has
been less well investigated. Jackson and Gasiewski
(1995) reported on comparisons of PWV measurements
using ground-based MMW radiometry, radiosondes,
and Raman lidar. More recently, Siegenthaler et al.
(2001) report on measurements of ground-based re-
trievals of water-vapor profiles using a 183-GHz spec-
trometer from the Jungfraujoch at an elevation of 3580
m in Switzerland. Their work demonstrated the appli-
cation of MMW radiometry to high-altitude ground-
based retrievals of water-vapor profiles.

Although the characteristics of the atmosphere in po-
lar regions are not completely understood, it is widely
recognized that during the winter months extremely dry
conditions prevail. Serreze et al. (1995a) reported on
the distribution and flux of water vapor over the Arctic
based upon radiosonde observations launched at 70°N
and higher over the period 1974–91. Over the winter
months between November and March the average
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PWV is below 2.5 mm. Over the Arctic Ocean the av-
erage PWV during the winter months is 1.8 mm (Ser-
reze et al. 1995b). These results are consistent with a
study we performed using a 7-yr (1990–96) set of radio-
sondes from the National Weather Service (NWS) sta-
tion in Barrow, Alaska. Figure 1 shows the probability
distribution and the cumulative distribution functions
of PWV measured at Barrow. The cumulative distribu-
tion shows that for 50% of the time the PWV is less
than �5 mm; thus, dry conditions exist during a sub-
stantial fraction of the year.

Obtaining accurate measurements of low amounts of
vapor in the atmosphere is especially important for
modeling longwave radiative fluxes during the polar
winter months. Substantial variations in longwave emis-
sion caused by fluctuations in low amounts of water
vapor directly affect the Arctic climate through both
greenhouse trapping of radiation and cloud formation
processes. These two mechanisms are suspected to have
profound effects on the Arctic heat budget, and in turn,
on the extent and seasonal duration of sea ice coverage
and on polar weather.

In this study we present a theoretical basis for PWV
measurement in an arctic environment using both MW
and MMW radiometric data. We investigate the re-
trieval uncertainties associated with using a variety of
measurement systems. We describe an experiment that
was conducted at the NSA/AAO facility in March 1999
designed to demonstrate the ability to measure low
amounts of PWV, and then discuss the subsequent data
analysis. We conclude with a summary and suggestions
for further work.

2. Theoretical basis for improved retrieval of low
amounts of precipitable water vapor using
MMW radiometry

One motivation for our work was to examine the
hypothesis that brightness temperature measurements
at the operational frequencies used by the ARM MWR
lack the sensitivity necessary to estimate PWV at low
vapor concentrations and cold temperatures. A second
hypothesis was that radiometers operating at millimeter
wavelengths could supply valuable information under
just these conditions. Finally, we hypothesize that a
combination of MW and MMW channels could supply
accurate measurements of PWV over the entire range
of values encountered at the NSA/AAO. In this study
we focus primarily on clear conditions as identified us-
ing lidar and cloud radar operated at the NSA site.

a. Sensitivity to water vapor and temperature

One measure of sensitivity to profiles of water-vapor
density �� and temperature T is provided by the asso-
ciated vertical weighting functions W��, WT . The equa-
tions for the calculation of these functions, in the up-
ward-looking case, are given by Westwater (1993).
From our 7-yr ensemble of radiosonde profiles from
Barrow, Alaska, we calculated T and �� weighting func-
tions for each of these profiles. In Fig. 2, we present
their averages over the conditions PWV � 1.5 (mm),
1.5 � PWV � 2.5 (mm), 2.5 � PWV � 5 (mm), and
PWV � 5 (mm) for several channels used in analysis
later in the paper. Key features resulting from the
nearly linear response to water vapor at 23.8 GHz and

FIG. 1. Probability (solid line) and cumulative (dashed line) distribution functions for PWV
derived from RAOBs at Barrow, AK (1990–96).
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