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ABSTRACT

A standard method for the absolute calibration
of passive microwave radiometers is the hot-cold-
calibration where two blackbody calibration targets
with different physical temperatures are used.

Usually, a liquid nitrogen (LN2) target with a well-
known boiling temperature provides the cold calibra-
tion point. In the standard calibration procedure for
a ground-based passive microwave radiometer (HAT-
PRO), the integration time on each target is 30–60
seconds.

However, when observing the cold target for a longer
time, an oscillation of the incoming power signal with
a period of 2–20 minutes is detected. This period
is linearly correlated with the microwave wavelength
indicating a standing wave between the receiver and
theLN2 surface.

The amplitude of this oscillation corresponds to a
brightness temperature range of up to 1.5 K which
can lead to an error in the retrieved integrated water
vapor of up to 1 kgm−2.

In order to consider this effect it is necessary to inte-
grate over one whole oscillation cycle and taking the
mean value as the reference power which corresponds
to the boiling temperature of liquid nitrogen.

1. INTRODUCTION

Ground-based passive microwave radiometers are in-
creasingly used for continuous observation of the at-
mospheric state. These instruments measure radi-
ation emitted by atmospheric components (mainly
oxygen, water vapor and cloud liquid). Depending
on the frequency bands used, information on temper-
ature profiles, water vapor, and cloud liquid water is
provided. Usually, these instruments measure at sev-
eral frequencies in the K-Band along the 22.235GHz

water vapor absorption line as well as in the V-Band
on the lower flank of the 60 GHz oxygen absorption
complex [1]. The observed radiation is expressed
as blackbody-equivalent brightness temperature. To
obtain atmospheric quantities, the application of re-
trieval algorithms is necessary.

Nowadays, these instruments are designed for contin-
uous and unattended operation. However, the accu-
racy of the accurate calibration of the radiometer sys-
tem remains crucial, like for all remote sensing meth-
ods. The theoretical error for the retrieved quantities
is less than 1 K for temperature profiles in the bound-
ary layer and 2 K above [2]. Integrated water vapor
can be obtained better than 0.5 kgm−2 and cloud liq-
uid water path with an accuracy of 20 gm−2 [3]. In or-
der to reach these values, the brightness temperature
accuracy needs to be better than 0.5 K which can only
be assured by regular sensor calibration. Ref. [4] give
an overview over the HATPRO (Humidity and Tem-
perature Profiler) microwave radiometer which was
manufactured by Radiometer Physics GmbH (RPG)
and the calibration methods for this instrument.

The present paper will especially focus on the hot-
cold calibration of HATPRO radiometers usingLN2.
When observing the cold calibration target for a
longer time, an oscillation of the incoming power sig-
nal with a period of 2–20 minutes was detected. We
will examine this feature more deeply in this paper
and will estimate the maximum error that may be re-
lated.

2. CALIBRATION OF PASSIVE MI-
CROWAVE RADIOMETERS

Calibrating a microwave radiometer means to deter-
mine the relationship between the detected voltage
at the receiver (Udet) and the physical measurement
quantity brightness temperature (see Eq. 1, for more
details see [5]).



Udet = g · (TR + TA)
α (1)

The receiver input is composed from two sources,TA

being the antenna temperature (represents the incom-
ing power from the atmosphere over the bandwidth of
the receiver), andTR being the system noise temper-
ature. g represents the detector gain andα is a non-
linearity factor. For blackbody targets, the physical
temperature is equivalent to the antenna temperature
which can then be directly inserted to Eq. 1.

At the HATPRO microwave radiometer, several ab-
solute and relative calibration methods are performed
(see also [4] and [5]). Before operating HATPRO,
the complete set of calibration parameters (α, TR, g,
as well as the noise diode temperatureTN ) are deter-
mined by a hot-cold absolute calibration. For low-
opacity radiometer channels, the so-called tipping
curve calibration provides a further absolute calibra-
tion standard. Additionally, during operation noise
diode calibrations and gain calibrations (hot load) are
performed every 30 and 5 minutes, respectively. The
latter two methods are relative calibration methods, as
not all of the calibration parameters are determined.

3. HOT-COLD CALIBRATION USING LIQ-
UID NITROGEN

For the hot-cold calibration, two targets with well-
known and constant, although strongly differing, tem-
peratures are needed. HATPRO’s hot target is situ-
ated inside the radiometer and consists of a blackbody
(styrofoam) load with the temperatureTH . On the
outside of the radiometer, another blackbody target
is mounted which is being filled with liquid nitrogen
so that the temperatureTC corresponds to the boil-
ing point ofLN2 which is around 77 K. After inte-
grating for 30–60 seconds on the hot and cold target,
respectively, an additional noise is injected to the sys-
tem from an internal noise diodeTN . With this set of
equations (Eq. 2, the four parameters (α, TR, g and
TN can be determined.

UC = g · (TR + TC)
α

UH = g · (TR + TH)
α

UCN = g · (TR + TC + TN)
α

UHN = g · (TR + TH + TN)α (2)

3.1. Uncertainties associated with theLN2 cali-
bration

There are several known uncertainties with theLN2

calibration which are listed below, for more details
see [5]:

• The reflectivity of theLN2 surface gives an ad-
ditional reflective component (1.9 K) that origi-
nates from the stabilized receiver ( 305 K). The
reflective component is added to the nominal
boiling point. The reflectivity is determined by
the refractive index n which is not exactly known
(n = 1.20 ± 0.03). At the cold calibration this
gives and uncertainty of about 1 K.

• Different manufacturer use different formulation
of the pressure-dependent correction of theLN2

boiling point. TB measurements below in vicin-
ity of the cold calibration point are affected by
more than 1 K. However, this uncertainty can be
avoided by using the Clausius-Clapeyron Equa-
tion.

• TheLN2 calibration is also affected by uncer-
tainties of the hot calibration point. An uncer-
tainty 0.3 K associated with the hot load temper-
ature measurement is estimated from the max-
imal temperature gradients within the ambient
target. Calibrated TB values near the hot cali-
bration are almost fully affected by this uncer-
tainty.

3.2. Oscillating patterns with the LN2 calibra-
tion

When perfoming severalLN2 calibrations directly
after each other, the calibration parameters for some
channels turned out to differ considerably. Without
changing the external conditions and having the cold
target still filled with LN2 completely, the values
should not vary strongly.
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Figure 1. Normalized brightness temperature devia-
tions from the mean over a 10-minute period in Jülich
for three HATPRO frequencies (blue) with their re-
spective sine fits (red). The instrument was pointing
on theLN2 target.

To analyze the source of these differences, brightness
temperatures were recorded when looking onto the



LN2 surface for a longer period. With two HATPRO
instruments in Leipzig and Jülich (Germany), several
measurements have been performed between Novem-
ber 2011 and May 2012. These tests revealed a dis-
tinct oscillation pattern for some of the 14 HATPRO
frequencies (mainly in the K-Band, but also for the
lower V-Band frequencies). Fig. 1 presents an exam-
ple for brightness temperature observations in Jülich
where the osciallating signal is obvious. Note, that
the period as well as the amplitude of the oscillations
are different!

Figure 2. Brightness temperatures 22.24GHz (blue)
and 51.26GHz (red) for a 20-minute period on 12
December 2011 in Leipzig when pointing onto the
LN2 target. The dots represent the single 1-second
observations, the solid lines are a 50-second running
mean.

The different oscillation periods can be seen clearly
in Fig. 2 where the period for the 22.24GHz chan-
nel is more than double of the 51.26GHz channel. It
becomes obvious that the period depends on the fre-
quency (or wavelength). After evaluation of the oscil-
lation period for all frequencies, a linear relation be-
tween wavelength and period was found (see Fig. 3)
with a correlation coefficentr > 0.99 for both days.

These observations led to the hypothesis that standing
waves were forming between theLN2 surface and the
receiver. As the nitrogen was continuously evaporat-
ing, the distance to the receiver was increasing and
the standing wave was reaching the receiver with a
phase difference depending onLN2 evaporation rate.

For the two days presented in Fig. 3, the periods
were different, which can be explained by external
meteorological influences. Under extreme conditions
the period can vary nearly by a factor of 10: When
calibrating under good protection from wind inside a
container, as well as covering the instrument with a
bed sheet, the period for 22.24GHz was as high as 20
minutes, whereas when strongly increasing the evap-
oration rate with a hairdryer, the period was reduced
to 3 minutes for the same frequency.

Not only the period, but also the amplitude of the os-
cillation depends on the frequency. This might be
due to the fact that the geometry horn antenna is op-
timized for a certain wavelength in the center of the
both receiver bands.

Figure 3. Oscillation period of standing waves when
looking on theLN2 surface as a function of wave-
length for two different days, 12 December 2011
(blue) and 19 December 2011 (red). Solid lines repre-
sent linear regression for these two days. Correlation
coefficient between period and wavelength is> 0.99
for both days.

3.3. Error estimation

With these new findings, the maximum possible error
that can be done has to be estimated with an auto-
maticLN2 calibration. The software algorithm uses
a standard integration time on the cold target of 30
seconds. During this time, the standing wave might
just be at its lowest or highest value. With an am-
plitude of the oscillation of up to 0.7 K and a period
of 2–20 minutes, the difference between two calibra-
tions might therefore be on the order of 1.5 K. It is not
yet completely understood whether the mean or the
minimum value represent the brightness temperature
value which is assumed in the calibration algorithm.
For this reason, the maximum absolute calibration er-
ror lies between 0.7 and 1.5 K, respectively.

4. SUMMARY AND OUTLOOK

It has been shown that at theLN2 calibration of two
different HATPRO microwave radiometers standing
wave patterns between theLN2 surface and the re-
ceiver occur at some frequencies. The period of these
oscillation is frequency dependent, and the amplitude
varies significantly between different channels.

In order to come up with this issue, the software of
HATPRO will be changed so that a whole standing



wave cycle is used for theLN2 calibration. In a fur-
ther step, other HATPRO instruments will be evalu-
ated: First results show no oscillation pattern at first
generation HATPRO instruments.
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