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ABSTRACT

Water vapor radiometer (W VR ) retrieval algorithms require a priori information on atmospheric conditions
along the line of sight of the radiometer in order to derive opacities from observed brightness temperatures.
This paper’s focus is the mean radiating temperature of the atmosphere (75, ), which is utilized in these algorithms
to relate WVR measurements to integrated water vapor. Current methods for specifying Ty, rely on the climatology
of the WVR site—for example, a seasonal average—or information from nearby soundings to specify Ti,.
However, values of T, calculated from radiosonde data, not only vary according to site and season but also
exhibit large fluctuations in response to local weather conditions. By utilizing output from numerical weather
prediction (NWP) models, T, can be accurately prescribed for an arbitrary WVR site at a specific time.
Temporal variations in local weather conditions can be resolved by NWP models on timescales shorter than
standard radiosonde soundings.

Currently used methods for obtaining Ty, are reviewed. Values of Ty, obtained from current methods and
this new approach are compared to those obtained from in situ radiosonde soundings. The improvement of the
T calculation using available model forecast data rather than climatological values yields a corresponding
improvement of comparable magnitude in the retrieval of atmospheric opacity. Use of forecast model data
relieves a WVR site of its dependency on local climatology or the necessity of a nearby sounding, allowing more
accurate retrieval of observed conditions and increased flexibility in choosing site location. Furthermore, it is
found that the calculation of precipitable water by means of atmospheric opacities does not require time-
dependent tuning parameters when model data are used. These results were obtained using an archived subset
of the full nested grid model output. The added horizontal and vertical resolution of operational data should
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further improve this approach.

1. Introduction

Ground-based water vapor radiometers (WVRSs)
provide measurements of integrated water vapor and
integrated liquid water along lines of sight through
earth’s atmosphere (Resch 1984). These instruments
are used by meteorologists for basic research into ihe
distribution of water vapor (Hogg et al. 1981) and by
geodesists (e.g., Elgered et al. 1991) and others to infer
the “wet delays” affecting radio signals propagating
through the atmosphere (Bevis et al. 1992). WVR re-
trieval algorithms involve parameters whose values
must be specified a priori and that are known to vary
according to site, season, and weather conditions. These
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parameters must be tuned to local conditions to opti-
mize WVR performance. In this paper we focus on the
most important of these parameters, the mean radiating
temperature of the atmosphere ( Ty, ) and on an im-
proved approach for estimating its value. Previous
studies have employed a number of methods including
calculating climatological values of T, based on the
analysis of radiosonde data (Rocken et al. 1991); uti-
lizing a linear correlation between T, and surface
temperature, 7, (Wu 1979; Resch et al. 1985; Davis
1986); or using a method that combines climatological
and surface measurement data (Askne and Nordius
1987; Robinson 1988). In this paper, we describe a
new approach in which we exploit the prior informa-
tion content of numerical weather prediction (NWP)
models to estimate Th,;.

2. Precipitable water retrieval from water vapor
radiometers

Water vapor radiometers have been used to estimate
atmospheric precipitable water by relating the observed
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antenna brightness temperature 7,, as measured by
the radiometer, to atmospheric opacity, which can then
be translated to integrated water vapor (or integrated
liquid water content) and path delays. By introducing
a mean radiating temperature Ty, the opacity 7 of the
atmosphere at a given frequency can be expressed as

T — Ty,

= p|=mr be
! n( Tmr - Ta ) ’
where T, is the contribution from background radia-
tion sources (Davis 1986; Rocken 1988). The mean
radiating temperature represents the effective radiating

temperature of the atmosphere at a given frequency
and is given by

(1)

Tmrs%f T(s)e ™ Wa(s)ds,  (2)
1—e atm

where 7(s) is the optical depth and « is the absorption
coeflicient (Liou 1980; Davis 1986). The calculation
of 7 and a in (2) is provided in the appendix.

The value of Ty, varies according to site, season,
and local weather conditions and must be computed
or estimated from information not measured by the
WVR instrument. Figure 1a depicts the time history
of Ty, for 10 years at Greensboro, North Carolina,
calculated from twice daily radiosonde soundings. The
daily and seasonal variations in 7T, are distinguishable
and dramatically demonstrate the ability for short-term
fluctuations to be of comparable magnitude to that of
the annual signal. Figure 1b presents a more detailed
representation of 7y, over a two-month period where
the effect of individual synoptic weather systems is ev-
ident. To provide useful estimates of precipitable water
with time, an accurate time-dependent value of T,
must be provided.

The retrieval of precipitable water (PW) from WVR
measurements can be accomplished by utilizing the
resultant measured opacities at two different frequen-
cies to produce a linear combination of the form

PW = ar, + B2 + v, (3)

where «, 8, and v are site-specific coefficients that can
be tuned to local conditions in order to minimize the
residual between the observed precipitable water and
the calculated opacities (Rocken 1988). By computing
values for 7y, 75, and PW directly from sounding data
for Greensboro, North Carolina, the values of the coef-
ficients are found as a = 250.38, 8 = —144.04,
v = —0.31 for frequencies »; = 23.8 GHz and »,
= 31.4 GHz and PW in units of millimeters based on
sounding data obtained from 1982 through 1992. Fig-
ure 2 shows the resultant precipitable water estimate
obtained from (3) and the residual error based on the
value of PW obtained directly from the soundings. A
closer inspection of the residuals (Fig. 3) shows that
the derived values of PW are generally within 0.6 mm
of measured values, while the distribution of the errors
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is approximately normal. It is important to note that
the additional term v in (3) makes a small contribution
to the resultant PW but arises due to errors in modeling
the absorption coefficients as discussed in the appendix
as well as instrumental uncertainties in radiosonde
measurements.

Thus, if an acceptable estimate for T, is available,
WVRs can produce an accurate measure of the inte-
grated water vapor or the path delay of the atmosphere.
From (1) we find that for an upward-looking WVR in
which Ty € T, the error in opacity (67) as measured
by the radiometer can be expressed in terms of the
errors in Ty, and T,:

or 0T me 67T,
—_—~ — + —

T Tror T,

For a given WVR measurement with implied instru-
mental noise level, an improvement in the estimation
of T will lead to a corresponding improvement in
the retrieval of opacity (Davis 1986). The current ap-

(4)

_plication of radiometers is also hindered due to the

instrumental error introduced at low elevation arngles
and by precipitation. In general, the errors in Ty, be-
come increasingly important as brightness temperature
increases and the noise level of the radiometer de-
creases.

3. An evaluation of other methods for estimating T,

In the absence of observed values, WVR sites often
employ climatological values of T,.. Using ( 1) we can
simulate a “perfect” WVR (i.e., one that possesses no
instrumental errors or biases) by utilizing sounding
data to calculate values of r and T, directly and solving
for the theoretical brightness temperature as seen by
the WVR. Once the brightness temperature is known,
we can determine the impact of the method in which
T 1s specified by reinserting estimates of 7, into (1)
and (3) to produce estimates of precipitable water. Fi-
nally these estimates of PW can be compared to the
observed value in order to evaluate the method of
specifying T, .

First we evaluate the use of a site annual mean Ty,,.
Figure 4 shows the residuals associated with this
method: a sharply skewed distribution with prolonged
periods of discrepancies greater than or equal to 2 ram.
An investigation of the source of this skewed distri-
bution reveals that it results from the application of
an annually averaged Ty, producing more extreme
values in winter than in summer (Fig. 5). An improve-
ment to this method is the use of a seasonally adjusted
or monthly mean value for site. Figure 6 shows the
residuals associated with using monthly mean values
of Tp,. Although the range of the errors is dramatically
decreased from the previous example, the residuals are
still skewed. As seen in Fig. 1b, at a given midlatitude
site T, can fluctuate by more than 5% with the passing
of a frontal system. Therefore, setting 7, to a seasonal
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F1G. 1. (a) Time history of T, (31.4 GHz) for years 1982-91 at Greensboro, North Carolina,
calculated from twice daily radiosonde soundings. (b) As in (a) except for 1| December 1990-31

January 1991.
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FIG. 2. Calculated precipitable water (top) and residuals (bottom) for years 1982-91 based on
values of opacity and precipitable water calculated from Greensboro, North Carolina, sounding

data.

average value can lead to unacceptably large errors in
the value of opacity. As a result, retrieval algorithms
that utilize seasonal values of T, must account for
this time dependence by specifying a site- and season-
dependent parameter for v in (3) to compensate for
the error (Rocken 1988). Thus, the inability to resolve
the daily fluctuations in T, gives rise to an additional
undetermined variable. Clearly the most desirable

Observed Residuals

in situ measurements.

VOLUME 11

method for obtaining 77, would be based on real-time

In practice, the most basic of the methods for ob-
taining 7, involve the use of a linear model based on
surface temperature (Wu 1979; Resch et al. 1985; Davis
1986). Davis (1986) found that the seasonal error in
T for a single sounding station (e.g., Hilo, Hawaii,
or Portland, Maine) could be tuned to the order of
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FIG. 5. Distribution of Ty, (31.4 GHz) derived from Greensboro,
North Carolina ( 1982-92), sounding data.

1%-2% using a linear model for surface temperature
versus T, from radiosonde data; however, a large por-
tion (up to 40%) of the soundings were not included.
For comparison, we have computed 7, for Greens-
boro, North Carolina, for all soundings taken from
1948 to 1991 (Fig. 7). Following the criterion given
by Davis, 16 295 soundings were retained and 113
(0.7%) were rejected. The linear model of T, based
on observed surface temperature for these times yields
a root-mean-square error (rmse) of 4.57 K (1.7%).
This result is in the range suggested by Davis. The ma-
jor drawback of this method is the requirement of local
soundings to derive the site-specific relationship. Tem-
perature soundings that deviate greatly from climatol-
ogy—for example, strong surface-based temperature
inversions—are an important source of error inherent
in this method. Additionally, cloud liquid water content
may be important, and cannot be generally estimated
from surface temperature.

The mean radiating temperature of the atmosphere
has also been estimated using a profile algorithm such
as that proposed by Robinson (1988), which uses sur-
face measurements of temperature, pressure, and rel-
ative humidity; a standard profile of temperature (U.S.
Standard Atmosphere Supplements 1966); and the
climatological relative humidity at 3 km. In this study,
the relative humidity was calculated from the initial
analysis values of the European Centre for Medium-
Range Weather Forecasts model taken from a 10-yr
sample (1980-89), and soundings from the standard
United States upper-air data network were collected.
This method has the advantage over the method above
in that it relieves a site of the dependency of a nearby
sounding,

A nominal temperature profile of the atmosphere
above the sounding location can be fitted from

FiG. 6. Distribution of residuals calculated for a perfect
WYVR using monthly mean Tp,.

h
Thom(h) = Tys(h) + [ Teur — Tus(0)] CXD(_ E) s
(5)

where Tys is that taken from the U.S. standard at-
mosphere, Ty, 18 the observed surface temperature,
and H is a scale height, with suggested value of 2 km.
By using this formula, the station profile exponentially
approaches that of the standard atmosphere, while al-
lowing the profile to match the observed surface tem-
perature. The corresponding nominal relative humidity
profile is specified as a two-piece linear function joining
the surface value with the observed value at 3 km and
an assumed value of zero at 10 km. This derived profile
is then similarly used to compute 77, as outlined above.

By comparing values of 7, obtained by the surface-
based profile method at sounding locations against

2501 rmse =4.57 E

) L L . ) N
“Z2a0 250 260 270 280 280 300 310 320
Tmr

FIG. 7. Plot of T, (31.4 GHz) vs T for Greensboro,
North Carolina, 1948-91.
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FiG. 8. Observed T, from radiosonde soundings vs Ty, calculated
using a profile estimate after Robinson ( 1988).

those computed from the radiosonde measurements,
a decided influence of the surface temperatures is seen
(Fig. 8). This bias acts to shift predicted values of Ty,
away from extremes. Consequently, the projected T,
value can be seen to converge to a site-specific clima-
tological mean value, with similar undesirable prop-
erties as described above. Despite the effort to relieve
the WVR site on the dependency of outside data
sources, we find that the best-fit line (rmse = 2.65) is
not that of a one-to-one correspondence, but instead,
a line with slope approximately 0.5. Thus, to take ad-
vantage of the improvements of this method, an in-
dividual site climatology must be developed to deter-
mine the linear model.

4. Ty, calculation using NWP medel output

Here we introduce a new method of calculating T,
that exploits the prior information content of NWP
models. Output from the National Meteorological
Center Nested Grid Model (NGM ) is archived at the
National Center for Atmospheric Research and was
chosen for this study for its accessibility. The NGM
archive dataset has a horizontal resolution of 190.5 km
(Fig. 9) and contains fields of temperature and relative
humidity at nine pressure levels (1000, 950, 900, 850,
800, 750, 700, 500, and 300 mb). The NGM output
for 12-h forecasts (¢ + 12 h) is used to compute tem-
perature and moisture profiles at ail upper-air station
locations within the model domain by interpolating
the gridpoint data to the station location at each model
level through bilinear interpolation. Here, T, is cal-
culated from sounding profiles constructed at the sta-
tion locations. The resulting values are then compared
to values obtained from observed radiosonde data at
the forecast time.

Values of T, obtained from the model forecast
method described above show excellent agreement with

ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 11

F1G. 9. Gridpoint locations for the archive NGM
B-grid model output.

those obtained from radiosonde soundings over the
entire operational sounding network (Fig. 10), pro-
viding an rmse of 2.58 K (=~1%). In contrast to the
profile method above, we find that the values derived
from the model output do fall along the line of one-
to-one correspondence. Figure 11 displays the results
of a 2-month operational use of NGM data to provide
12-h forecasts at individual sounding sites. Three lo-
cations: Nassau, Bahamas; Midland, Texas; and Car-
ibou, Maine, representative of differing climatic re-
gions, are used to illustrate the ability for this method
to provide good predictions of the time variations as
well as the overall seasonal and climatic tendencies.
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FI1G. 10. Observed T, (31.4 GHz) from radiosonde soundings
vs 12-h NGM model prediction.
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FiG. 11. Observed (solid lines) and predicted (dashed lines) values of Ty,; (31.4 GHz) for | February-31
March 1993 at Nassau, Bahamas (top), Midland, Texas (middle), and Caribou, Maine ( bottom). Predicted
values are based on 12-h model forecast fields valid at the time of sounding.

The largest source of disagreement with the in situ
soundings is apparently due to the lack of model levels
in the planetary boundary layer in the archive dataset.
In contrast, the radiosonde data can greatly contribute
to the amount of water vapor in the lower levels of
integration. It should be noted that while the archived
NGM data used has a resolution of 190.5 km and nine
vertical levels, operational NGM output currently has
a resolution of approximately 90 km, with 16 vertical
levels. Thus further improvement using this method
should be expected as model data with greater reso-
lution are applied. Another possible source of deviation
can be found in the quality of radiosonde data trans-
mitted from sounding locations. Since not all soundings
used in the above comparison reported data to the 300-
mb level, and no attempt was made to either remove
or enhance these reports, it is possible that these ob-
servations result in a greater discrepancy than do more
successful ascents. Since cloud layers are often very
thin, the generally higher vertical resolution of radio-
sonde soundings is better able to resolve liquid water
density in cloud layers as parameterized in (A4).

5. Conclusions

Improvement in WVR retrieval algorithms is critical
to their successful application in atmospheric sciences
and in Global Positioning System ( GPS ) and very long

baseline interferometry (VLBI) geodesy. The use of
NWP model output can greatly reduce the uncertainty
of WVR measurements by improving the a priori
knowledge of atmospheric conditions. Atmospheric
water vapor is highly variable within the troposphere,
especially in the vicinity of atmospheric disturbances
such as storm systems and frontal zones where gra-
dients in water vapor may be large, and the iemporal
and spatial resolution of radiosonde soundings may be
inadequate to resolve variations on the storm scale. By
using meteorological models, local weather conditions
can be resolved on smaller scales than standard radio-
sonde soundings.

The improvement of the Ty, calculation using
12-h forecast output of the NGM model rather than
climatological values or methods based on surface
measurements yields a corresponding improvement of
comparable magnitude in the retrieval of atmospheric
opacity. Use of forecast model data relieves a WVR
site of its dependency on local climatology or the ne-
cessity of a nearby sounding, allowing more accurate
retrieval of observed conditions. Additionally, we find
that the linear model given by (3) does not require a
time-dependent y(¢) when T, is calculated from the
model. These results were obtained using an archived
subset of the full NGM model output. Added horizon-
tal and vertical resolution of model output should fur-
ther improve these calculations.
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APPENDIX

Computation of Optical Depth
and Absorption Coefficients

In Eq. (2), 7 can be expressed as the sum of that
due to oxygen, water vapor, and liquid water. Thus,

T=70,t T+ 7

and

)= [ atsds, (A2)

where s is the path distance of integration. Values for
opacities are typically calculated using empirical fits to
the observed frequency spectra (Waters 1976; Davis
1986; Elgered et al. 1991). These empirical fits, or line
shape models are themselves limited to the individual
experimental errors (Elgered et al. 1991). The opacities
for the three components above are given by Davis
(1986) as
Pv? [293\3
=26X 1078 —n (-
02 1013.25 ( T )
AVOZ
(v + 70)* + (Avo,)?

X £ro, +
(v — 10)* + (Avo,)?

+ —————2] (cm™) (A3)
Vo,

A —075 P _220.85
Yo, =\ 101325\ T

ay = 3.43 X 107278/ Ty2p, T723
% [ Av + Ay ]
(v — 1) + (A¥)® (v + )2 + (Av)?
+ 2.55 X 107 %p,02T Ay (cm™")
p.,T) P

- -3 S
Av =2.58 X 10 (1+0.0147 P | (T/318)°%5

o= 107° % QO0B91-D) (o=1y
where » (GHz) is the frequency of the signal, p, (g m™>)
is the density of water vapor, p; (g m~?) is the liquid

water density, and A (cm) is the wavelength. Standard
values for v are 60 GHz for oxygen and 22.235 GHz
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for water vapor. Values of 23.8 and 31.4 GHz were
assumed for » as typical WVR frequencies for this
study.

To compute Ty,,, the liquid water density must be
estimated since it is not an observed quantity from
sounding data, nor is it a standard output quantity in
the model archive data. Westwater (1978) has shown
that cloud liquid water is a limiting factor in water
vapor retrievals, and must be included in the radi-
ometer algorithms. A simple method for estimating p,
assumes clouds will exist at any altitude where the rel-
ative humidity is greater than or equal to 94% (Gary
et al. 1985). Within the cloud layer the liquid water
density at any height 4 is given as a function of the
vapor density:

pi(h) = 0.5[po(hvase) = pu(h)], (A4)

where Ay, is the altitude of the base of the cloud layer.
To avoid unrealistically thick clouds, a maximum value
of 2.0 g m~3 is imposed. Robinson (1988 ) has suggested
that 7., for microwaves is not particularly sensitive to
the exact formulation used for liquid water. Figure Al
shows the contribution of liquid water to T, in over
600 soundings. From Fig. A1 it is clear that the overall
contribution of liquid water is generally less than a few
percent, and the variation in the resultant 7o, calcu-
lation due to specific cloud models may not be large.
Decker et al. (1978) employed a similar parameteriza-
tion scheme for three cloud models, based on a 95%
relative humidity threshold for cloud presence and a
constant liquid density with height. The value of cloud
density was determined by the cloud thickness and one
of three profiles based on observed conditions. Davis
(1986) reviewed the three possible cloud water profiles
used by Decker et al. (1978) and reported that the
effect of the different cloud models produced a 0.1-K
difference in T,,.

Contribution of Liquid Water to Tm¢
600 v — T T T T

"

5001

400+

Number of Cases
w
o
(=]

2001 b

1001

PO s 1 S F e = = sy [ S
-6 -4 -2 [} 2 4 [ 8 10
Temperature [K]

FiG. Al. Contribution of liquid water to T, for 600 soundirgs
within the NGM model domain.
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The primary differences in the two models discussed
above is that Decker et al. (1978) assumes a constant
distribution of liquid water density with a maximum
value of 0.8 g m™3, whereas Gary et al. (1985) uses a
variable distribution given by (A4) with a maximum
of 2.0 g m—>. The maximum value of 2.0 g m~> would
be more representative in cumulus cloud cases than
0.8 g m~3 and would consequently result in a larger
contribution to Tj,,. We have used (A4) throughout
the calculations in this paper.

The above discussion on the difficulty in parame-
terizing cloud liguid water content from a sounding or
climatology emphasizes the utility of NWP models in
this area. At present, cloud liquid water is not a stan-
dard output field in operational models, but it is in-
cluded in the computations. In the future, it may be
possible to incorporate this data directly in the Ty,
calculation.
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