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Ground-based microwave radiometry and long-term
observations of atmospheric water vapor

Gunnar Elgered and Per O. J. Jarlemark!

Onsala Space Observatory, Chalmers University of Technology, Onsala, Sweden

Abstract. Microwave radiometer data and radiosonde data from the time period 1981-
1995 have been used to study long-term trends in the integrated precipitable water vapor
(IPWYV). The two instruments have operated 37 km apart on the Swedish west coast.
Model parameters are estimated for the entire data sets as well as for subsets of the data.
The IPWV model parameters are a mean value, a linear drift with time, and the amplitude
and phase of an annual component. The radiosonde data, which are uniformly sampled in
time, show an increase in the IPWV of 0.03 mm/yr with a statistical standard deviation
of 0.01 mm. The microwave radiometer data, which are not at all uniformly sampled in
time, show -0.02+0.01 mm/yr. We show that the disagreement is caused by the different
sampling of the data for the two instruments. When the two data sets are reduced to include
only data that are sampled simultaneously, we find an agreement between all estimated
model parameters, given their statistical uncertainties. This suggests that if the microwave
radiometer had also been operating continuously over the 15-year period, its data would
have implied a linear trend similar to the result obtained from the radiosonde data. The
general quality of the data, in terms of the short time scatter, has been improved over the
time period. The root mean square (RMS) difference between the IPWV measured by the
radiometer and by the radiosondes was 2.1 mm during the first 5 years and was reduced
to 1.6 mm during the last 4 years. These values include the real difference in the IPWV
between the two sites. The bias, radiometer-radiosonde, was 0.1 mm for the whole data set
and varied between -0.2 and 0.9 mm for smaller data sets of a few years.

1. Introduction

Atmospheric water vapor plays an important role
in the energy balance of the Earth [Rasool and De
Bergh, 1970]. The “greenhouse” effect has been
quantitatively estimated using satellite-borne instru-
ments operating in both the microwave and the in-
frared parts of the electromagnetic spectrum [Raval
and Ramanathan, 1989; Rind et al., 1991].

The integrated precipitable water vapor (IPWV)
is a useful probe when searching for possible trends
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in the Earth’s climate. Furthermore, a major diffi-
culty in climate modeling is the treatment of clouds
[Cess et al., 1990; Chen and Roeckner, 1996], an ef-
fect closely related to variations in the IPWV. Ra-
diosonde data covering time periods of 10 years or
more have been used to estimate trends in the IPWV
of the atmosphere [Gaffen et al., 1992]. An accurate
documentation of the calibration history of the hu-
midity and temperature sensors is necessary in order
to draw any conclusions from these apparent trends,
since the estimated trends are relatively small; over a
decade it is typically less than the reproducibility of
the humidity sensor as specified by the manufacturer.
(See, for example, England et al. [1993] and Wade
[1994] for a discussion on errors of different types of
radiosondes.) The situation can be improved if an
independent technique is used to measure the IPWV
accurately and thereby validate the radiosonde data.
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Figure 1. A part of the Swedish west coast show-
ing the water vapor radiometer (WVR) site, Onsala,
and the radiosonde launching site, Landvetter. The
distance between the sites is 37 km.

During the last few years, continuously operating,
ground-based Global Positioning System (GPS) re-
ceivers have been put into operation. Global as well
as regional networks with the possibility of produc-
ing continuous time series of the IPWV exist today
[Beutler et al., 1996; Tsuji et al., 1995; Dragert and
Hyndman, 1995; BIFROST Project, 1996]. These
networks of GPS receivers will provide a better spa-
tial and temporal resolution compared with the exist-
ing network of radiosonde stations [Businger et al.,
1996] and have the potential to become an impor-
tant tool for climate studies. The GPS technique
suffers, of course, from deficiencies in models used in
the geodetic data analysis. Therefore it is of funda-
mental importance to have different methods to in-
vestigate the quality of the results. One instrument
capable of producing IPWV estimates is a ground-
based microwave radiometer, hereinafter referred to
as a water vapor radiometer (WVR) [see, e.g., Hogg
et al., 1983, Elgered, 1993, and references therein].

With this application in mind, but also the pos-
sibility of using the WVR as a stand-alone instru-
ment, this study assesses the long-term accuracy of
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the IPWYV estimated from the WVR data. We start
with an archived data set of the estimated radio wave
propagation delay caused by the atmospheric water
vapor, simply called the wet delay. In the following
we will always use the equivalent zenith value for this
quantity. In our data set, including observations at
elevation angles above 18°, a simple cosecant law can
be used to “map” observations to the zenith. If ob-
servations are made at elevation angles at say 15° or
lower more sophisticated “mapping functions” must
be used [see Niell 1996 and references therein].

In section 2 we review the relationship between
the wet delay and the IPWV. We compare the WVR
data acquired at the Onsala Space Observatory on
the Swedish west coast with data from radiosondes,
launched at Landvetter Airport, 37 km away, for the
time period 1981-1995. The instruments, the data
set, and the data analysis are described in section 3.
The results are found in section 4, where we com-
pare the estimated trends in the IPWYV for the two
methods at the two sites. We also present the RMS
differences between the two time series of simulta-
neously sampled data. The conclusions appear in
section 5.

2. Background Theory

Our 15 year-long WVR data set consists of ar-
chived time series of the wet delay. We will briefly
summarize here the relation between this quantity
and the atmospheric water vapor content. The wet
delay in the zenith direction is presented here in units
of length as an apparent excess propagation path
(compared with the case of propagation in vacuum)
[Elgered, 1993]:

o0
e
£, = (0.382 + 0.004) / T2 Z-tdh (1)
0
where e is the partial pressure of water vapor in mil-
libars; T is the temperature in kelvins; and Z,, is a
correction factor (close to unity) for departures from
the ideal gas law. The uncertainty of +0.004 takes
into account the experimental uncertainties in physi-
cal constants and an uncertainty of 20 K in the effec-
tive atmospheric temperature 7},,. The atmospheric
water vapor content is a related quantity since it is
the integral of the water vapor density profile in the
atmosphere. It is common to use the IPWV as a
measure of the atmospheric water vapor content:
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Table 1. Original Technical Specifications of the Water Vapor Radiometer

Parameter

Value

Frequencies

Antenna (one for each frequency)
Antenna beam widths

Mount

Positioner

Slew rate (both AZ and EL)

Pointing resolution

Reference load temperatures, cold mode
Reference load temperatures, hot mode
System noise temperature 21.0 GHz
System noise temperature 31.4 GHz
RF bandwidth (both channels)
Accuracy (both channels)

21.0 and 31.4 GHz
dielectrically loaded horn

6° (both channels)

azimuth (AZ) / elevation (EL)
step motors, 0.025° /step after gearbox
1.8°/s

0.1° (both AZ and EL)

77 and 313 K

313 and 360 K

~450 K

~550 K

~1 GHz

~1K

o

PWY = - / au(h) dh @)
“o

where a, is the density of water vapor in g/m? as

a function of the height h in meters and a,, is the

density of water (1.0x10% kg/m?). These units yield

IPWYV in millimeters. Using the ideal gas law to

combine (1) and (2), we obtain the relation

I 1763
IPWV ~ T, (3)
where both ¢, and IPWYV are in the same unit

of length (e.g., millimeters) and where the effective
mean temperature T, in kelvins is

(4)

We note that the wet delay and the IPWV are
strongly correlated, related by a factor which is pro-
portional to an “effective mean” temperature of the

atmosphere obtained by weighting the temperature
with the wet refractivity (o< e/T?). For an effective
mean temperature of 270 K, for example, a wet delay
of 6.5 mm corresponds to an IPWV of 1 mm. For a
more detailed discussion, see, for example, Bevis et
al. [1992].

3. Instrumentation and Data Analysis

The data used were acquired from WVR mea-
surements at the Onsala Space Observatory and ra-
diosonde launches at the Landvetter Airport on the
Swedish west coast. The locations of these sites are
shown in Figure 1.

The WVR was primarily designed and built to sup-
port space geodetic measurements using very-long-
baseline interferometry (VLBI) [Elgered et al., 1991].
It has also been used to support high precision geode-
tic surveying using the Global Positioning System
(GPS) [Johansson, 1992, Dodson et al., 1996]. Since
the summer of 1993 the instrument has been oper-
ating in a continuous “sky-mapping” mode, logging
some 5000 data points per day. The original spec-

Table 2. Important Events Within the Time Period of the Data Set

Date Event

Dec. 20, 1985 first RS80 radiosonde launched at Landvetter
March 17, 1986 last RS18 radiosonde launched at Landvetter

May 31, 1988 WVR elevation controlled by a mirror

Feb. 10, 1992 major WVR upgrade (elevation range increased to

0°-180°; slewing speed increased to 8°/s;

cold load removed; hot load temperature increased
to ~375 K; hot load improved stability <0.01 K/h;
resolution of the A/D converter improved ~0.02 K)

WYVR, water vapor radiometer.
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Figure 2. An example of estimated elevation offset using tip curve data at (a) 21.0 GHz
and (b) 31.4 GHz. The observed scatter is caused by atmospheric inhomogeneities. The
increased scatter observed during the final 2-3 days is most likely caused by the presence
of liquid water, since the scatter is largest at the 31.4 GHz channel. For this data set an
average of the estimated offsets is 0°, and hence no elevation angle correction is applied in

the analysis.

ifications of the instrument are shown in Table 1.
Several upgrades of the instrument have been car-
ried out. The software used is quite different today
compared with the original version of 1980. These
upgrades have enabled a higher flexibility in the data
acquisition as well as in the pointing of the radiome-
ter. The accuracy has been improved, and the slew-

ing speed has been increased. The WVR improve-
ments and the corresponding dates are listed in Ta-
ble 2. These dates are later used to divide the data
into smaller data sets. The WVR has no independent
readout of the pointing, which is only monitored by
counting the pulses sent to the step motors. The mir-
ror for elevation control was introduced to increase
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Figure 3. Estimated corrections to the hot reference loads in (a) the 21.0-GHz channel
and (b) the 31.4-GHz channel. These estimates are more uncertain when liquid water is
present in the atmosphere (compare with Figure 2). The statistical standard deviation (not
shown) of a single data point is typically between 0.1 and 0.5 K during the periods with
low scatter when 10-20 observations are included in the tip curve analysis but can increase
to many kelvins depending on the inhomogenity of the sky emission.
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Figure 4. The wet delay and the liquid water content inferred from measurements with the
WVR at the Onsala Space Observatory. Figure 4a shows the wet delay time series (upper
curve) using the standard 0.7-mm cutoff for the acceptable amount of liquid water (lower
curve), and Figure 4b shows the wet delay (upper curve) when this cutoff in the liquid
water (lower curve) is reduced to 0.3 mm. The number of data in this case are reduced

from 41,499 to 38,866.

the mechanical stability of the pointing, compared
with the previous mount of the whole microwave unit
in a fork, which was affected by strong winds.

The WVR data analysis can be described as a con-
tinuous “tip curve” analysis, where every data point
and its corresponding elevation angle are used to
solve for instrumental corrections. These data can
be used to estimate a possible pointing offset for the
elevation coordinate as well as corrections to the tem-

1.1’8)- . (a) ]

S
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perature of the reference loads in the radiometer.
The estimates of a pointing offset could only be
accomplished with a reasonable accuracy after 1992
when the WVR could make observations from hori-
zon to horizon. However, in practice, an elevation
limit of approximately 20° is used to avoid ground
noise pick-up by the sidelobes of the antenna beams.
An example of estimated pointing offsets for the two
channels is shown in Figure 2. For this data set a
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Figure 5. A comparison of wet delay calculated using two different retrieval algorithms
from a set of simulated antenna temperatures (see text): (a) the ratio between wet delays
based on Liebe’s [1992] and Waters’ [1976] attenuation coefficients and (b) the absolute

value of the difference.
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Table 3. Estimated Parameters for Modeling Long-Term Variations in the Integrated
Precipitable Water Vapor Using the Entire WVR and Radiosonde Data Sets

Number a1, as, as, as,
Data Set of Data mm mm/yr mm mm
All RS (1981-1995) 10,507  12.75+£0.09  0.03+0.01 -3.06+0.07 -5.46+0.07
All WVR (1981-1995) 30,967 13.34+0.07 -0.02+0.01 -3.13+£0.04 -5.5840.04
RS, Jan. 1981 to Dec. 1985 3,490 12.81+0.15 -0.01+0.05 -3.10+0.11 -5.9240.11
WVR, Jan. 1981 to Dec. 1985 6,089 13.31+0.14 -0.23+0.05 -2.52+0.08 -5.1940.08
RS, March 1986 to April 1988 1,541 10.77+1.16  0.28+0.18 -3.18+0.16 -5.3940.17
WYVR, March 1986 to April 1988 2,360 13.76%+1.06 0.00+0.16 -3.12+0.14 -4.16+0.18
RS, May 1988 to Oct. 1990 1,682 15.46+1.63 -0.184+0.19 -2.53+0.18 -5.07+0.18
WVR, May 1988 to Oct. 1990 5,629 18.58+1.09 -0.50%+0.13 -1.174+0.14 -6.41+0.10
RS, Feb. 1992 to Dec. 1995 2,674  8.84+1.12 0.30+0.08 -3.114+0.15 -5.43+0.15
WVR, Feb. 1992 to Dec. 1995 16,917  8.17+0.60  0.34+0.04 -3.57+0.06 -5.43+0.05

RS, radiosonde.

Since the major WVR, upgrade, ending in January
1992, a new retrieval algorithm has been used which
is based on the millimeter wave propagation model
(MPM) [Liebe, 1992]. The two algorithms used for
the two time periods are documented by Johansson
et al. [1993] and Jarlemark [1994], respectively.
Ideally, the older data set should be reprocessed
using the new algorithm. Although not impossi-
ble, such a task would be relatively time consum-
ing. Instead, we decided to develop a model and
make a correction to the already archived wet delay
data. We calculated the wet delay using both re-
trieval algorithms (hereinafter referred to as the Wa-
ters and Liebe algorithms) from simulated antenna
temperatures. These temperatures were calculated
from 6 years of radiosonde data from the Landvet-
ter Airport. Figure 5 shows the result. The ratio
(Liebe/Waters) of the wet delay calculated by the al-
gorithms is presented in Figure 5a, and the difference
(Liebe-Waters) is presented in Figure 5b. Owing to
different line strengths and different temperature de-
pendence for the attenuation coefficient of water va-
por in the two models, the relative correction can be
almost 20% during the cold part of the year when the
wet delay is small. We derived the following simple
model for the correction using the data in Figure 5b:

Al,, = 2.40 — 0.39 x sin <27r; + 0.97) (5)

where A?,, is the correction in millimeters, ¢ is the
day of the year, and 7 is the number of days in
the year. The root-mean-square (RMS) scatter of
the residuals of the least squares fit was 0.4 mm.
This correction was then applied to the wet delays
archived before 1992.
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Thereafter we smoothed all the wet delay data us-
ing a Gaussian window with a FWHM of 1 hour.
This resulted in 30,967 hourly averages of the wet
delay. Finally, the wet delay data are used to calcu-
late the IPWV according to Emardson et al. [1998]
using the latitude of 57.5°N

Ew . 2rt

This relation has been derived using 5 years of the
radiosonde data from Scandinavia to calculate both
the wet delay and the IPWV for each profile. A
least square analysis is thereafter used to derive the
constants in the above equation as a model of T},

" L L ) s
1988 1990 1992 1994 1996

Year

19‘82 19‘84 19‘86
Figure 8. The radiosonde data from Figure 6 are
shown together with the estimated model for the in-
tegrated precipitable water vapor (IPWV) according
to equation (7) when all data are used (first entry in
Table 3).
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Table 4. Estimated Parameters for Modeling Long-Term Variations in the Integrated
Precipitable Water Vapor Using Only Simultaneously Sampled WVR and Radiosonde Data

Number a1, a2, as, a4,
Data set of Data mm mm/yr mm mm
All RS (1981-1995) 2141 13.08+0.25 -0.01+£0.02 -3.12+£0.16 -5.88=+0.15
All WVR (1981-1995) 2141 13.13+£0.25  0.01£0.02 -3.09%+0.16 -5.58+0.15
RS, Jan. 1981 to Dec. 1985 461 13.52+£0.50 -0.29+0.19 -2.82+0.29 -5.60+0.29
WVR, Jan. 1981 to Dec. 1985 461 12.71+£0.48 -0.03£0.18 -2.60%0.27 -5.20+£0.27
RS, March 1986 to April 1988 173 9.35£3.69  0.53+0.56 -3.224+0.50 -4.4340.60
WVR, March 1986 to April 1988 173 13.42+3.83  0.06+0.58 -3.34+0.52 -4.19+0.63
RS, May 1988 to Oct. 1990 424 21.14+4.00 -0.85+0.49 -0.58+0.51 -6.13+0.37
WYVR, May 1988 to Oct. 1990 424 18.72+3.99 -0.51+£0.49 -1.00%£0.51 -6.65=+0.37
RS, Feb. 1992 to Dec. 1995 1078 8.63+2.42  0.31+0.18 -3.63%0.24 -5.7140.23
WVR, Feb. 1992 to Dec. 1995 1078  8.65+2.37  0.30+0.17 -3.62+0.24 -5.59+0.23

(see equations (3) and (4)). The residuals of the fit
have an RMS value of 1%. The entire IPWV data
set obtained from the WVR is presented in Figure 6.

The radiosonde launching site at the Landvetter
Airport is operated by the Swedish Meteorological
and Hydrological Institute (SMHI). Ballons are typ-
ically launched twice per day at 0000 and 1200 UT,
but occasional launches are also made at 0600 and
1800 UT. The type of radiosonde launched during
the beginning of the studied time period (see Ta-
ble 2) was the Vaisala RS18. The humidity sensor
of this instrument, a hair hygrometer, has a spec-
ified RMS repeatability of £3%. This radiosonde
was gradually replaced by the RS80, which has a
different type of sensor with a significantly better
specification, namely, a repeatability of <2% and a
reproducibility of <3% (J. Hérhammer, Vaisala Oy,
personal communication, 1997).

Both types of radiosondes produced profiles of
pressure, temperature, and humidity. These data
were used to calculate the profile of the absolute hu-
midity, which was integrated numerically according
to (2). The time series of IPWV is shown in Figure 7.

4. Results and Discussion

We have carried out two different analyses of the
WVR and radiosonde data sets. First, we use the
entire data set from each instrument separately. We
searched for systematic trends with time by estimat-
ing a linear drift. Owing to the sparse sampling of
WVR data during long periods, it was necessary to
model the seasonal variation by also estimating an
annual frequency term. Using the method of least
squares, we estimated the parameters a; in the model

IPWV = a; +az Xt+az sin (27 t) +aq cos (27t) (7)

where t is the time in years since January 1, 1981.
The values of the estimated parameters are listed in
Table 3. Each parameter is specified together with
a statistical standard deviation. This was obtained
by making the x? per degree of freedom of the least
squares fit to (7) equal to unity.

Figure 8, presenting the radiosonde data and the
estimated model for the whole period, shows large
deviations between the model and the data. Fur-
thermore, we all know from everyday weather expe-
riences that a period of a few weeks can be exception-
ally warm and humid and the next few weeks can be
unusually cold and dry. The differences, sometimes
of many standard deviations, between the estimated

-5

IPWV Difference WVR-RS, mm

\ L L . L
1988 1990 1992 1994 1996
Year

Figure 9. Differences in the IPWV measured by the
WVR at the Onsala site and by radiosondes at the
Landvetter Airport.

L s '
1982 1984 1986
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Table 5. Differences Between the Integrated Precipitable Water Vapor
Measured With the WVR at the Onsala Site and With Radiosondes

at the Landvetter Airport

Number Mean Difference  Standard RMS

of Data (WVR-RS), Deviation Difference®
Data set Pairs mm mm mm
All (1981-1995) 2141 0.1 1.9 1.9
Jan. 1981 to Dec. 1985 461 -0.2 2.1 2.1
March 1986 to April 1988 173 0.9 1.7 1.9
May 1988 to Oct. 1990 424 0.3 2.0 2.0
Feb. 1992 to Dec. 1995 1078 0.1 1.6 1.6

2(RMS difference)® = (mean difference)® + (standard deviation)?

model parameters using radiosonde and WVR data
in Table 3 are therefore suspected to be caused by
the irregular sampling of the WVR data (compare
Figures 6 and 7).

To eliminate this problem, for the instrumental
comparison, a second analysis was made by identi-
fying pairs of WVR and radiosonde estimates which
were closer in time than half an hour. Table 4 sum-
marizes the result for the whole data set, as well
as for the shorter time periods as in the previous
comparison in Table 3. The consistency between
the model parameters using the two instruments is
now acceptable for all parameters and time peri-
ods, suggesting that both instruments mainly suffer
from errors which vary over short timescales. We
do note, however, that the trend seen in the original
radiosonde data is not detected using this smaller
amount of data.

The differences observed in the IPWV between
these simultaneously sampled data sets are shown
in Figure 9. We calculated the mean difference, the
standard deviation, and the RMS difference between
the WVR and the radiosonde results (see Table 5).
There is an overall improvement of the agreement
with time. It is worth noting that the observed dif-
ference also includes the real spatial difference be-
tween the two sites. Assuming that the variations
in the IPWV can be described as a random walk
with a variance of 5x10~* mm? /s (corresponding to
a variance of 2x107® m?/s for the wet delay) which
is a typical value for the Onsala site [Jarlemark et
al., this issue], and that the wet delay variations are
caused by a “frozen flow” carried by a typical wind
speed of 10 m/s, we roughly estimate the real RMS
variation in IPWYV between the two sites to be of the
order of 1.4 mm, which agrees with the result from
the analysis.

5. Conclusions

We have shown that ground-based microwave ra-
diometers have a potential for long-term monitoring
of the integrated precipitable water vapor (IPWV)
and that the results for trends in the IPWV over
time periods of years are consistent with those ob-
tained from radiosonde launches if data are sampled
simultaneously with the two instruments.

The entire radiosonde data set gives an increase
in the IPWYV of 0.03+0.01 mm/yr, where the uncer-
tainty is the statistical standard deviation. Owing
to the irregular sampling of the microwave radiome-
ter data, especially during the first years, a similar
trend cannot be seen in these data, even though the
good agreement in Table 4 using the simultaneously
sampled data set suggests that the trend detected
with the radiosonde data could be real. If and when
trends in IPWV are seen in microwave radiometer
data, future work should address the possible influ-
ence of errors in the algorithm used. This algorithm
is, for example, affected by variations in the temper-
ature profile in the atmosphere, which therefore also
needs to be monitored.

Over the 15-year period the quality of the WVR
data as well as the radiosonde data have been im-
proved. An RMS difference of 1.6 mm for 1078 data
pairs acquired during 1992-1995 between radioson-
des and the WVR, separated by 37 km, suggests that
the reproducibility of each of the instruments is of the
order of half a millimeter in the IPWV.

Variations in the IPWV are strongly correlated
with the greenhouse effect [Raval and Ramanathan,
1989]. The result reported here, however, has little
impact on climate modeling. For this application,
better geographical coverage is needed. It would be
costly to implement this by using microwave radiom-
etry, but it could be obtained from the existing global
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networks of radiosondes and/or ground-based GPS
receivers. These instruments suffer, however, from
other types of errors, and an important task for mi-
crowave radiometry could be to validate results from
specific sites in these networks.
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