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An Indoor Microwave Radiometer for Measurement
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Abstract—This article presents the first detailed description
of the innovative measurement setup of an indoor tropo-
spheric microwave radiometer [TROpospheric WAter RAdiome-
ter (TROWARA)] that avoids water films on radome. We discuss
the performance of a commercial outdoor microwave radiometer
[Humidity And Temperature PROfiler radiometer (HATPRO)]
for measuring tropospheric water parameters in Bern, Switzer-
land. The HATPRO is less than 20 m from the TROWARA and
has different instrument characteristics. Brightness temperatures
measured by HATPRO are analyzed by comparing them with
coincident measurements from TROWARA and Radiative Trans-
fer Simulations based on the [European Centre for Medium-
Range Weather Forecasts (ECMWF)] operational analysis data
(denoted as RTSE). To find the source of brightness temperature
bias, a gradient boosting decision tree is used to analyze the
sensitivity of eight feature factors to bias. Data processing rou-
tines of the two radiometers use different algorithms to retrieve
integrated water vapor (IWV) and integrated cloud liquid water
(ILW), whereas the same physical algorithms based on the
radiative transfer equation are applied to obtain the opacity and
rain rate. Using 62 days of data with varied weather conditions,
it was found that TROWARA brightness temperatures are in
good agreement with RTSE. HATPRO brightness temperatures
are significantly overestimated by about 5 K at 22 GHz, compared
to TROWARA and RTSE. HATPRO brightness temperatures
at 31 GHz agree well with TROWARA and RTSE (within
about +1 K). The overestimated brightness temperatures in
the K-band and the HATPRO retrieval algorithm lead to an
overestimation of IWV and ILW by HATPRO. The opacities
at 31 GHz match very well for TROWARA and HATPRO
during no rain with a verified R?> of 0.96. However, liquid
water floating or remaining water films on the radome of the
outdoor HATPRO radiometer induce an overestimation of the
rain rate. The physical reason for the overestimated 22-GHz
brightness temperatures of the HATPRO is mainly the result of
the combined effect of instrument calibration, the surrounding
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environment of the instrument, and the Sun elevation angle. This
can be a problem with the Generation 2 HATPRO radiometer
and this problem was resolved in the Generation 5 HATPRO
radiometer.

Index Terms— Atmospheric Radiative Transfer Simulator
(ARTYS), brightness temperature, European Centre for Medium-
Range Weather Forecasts (ECMWF), gradient boosting decision
tree (GBDT), Humidity And Temperature PROfiler radiometer
(HATPRO), K-band, microwave radiometer, radiometer technol-
ogy, rain rate, remote sensing, water films, water vapor.

I. INTRODUCTION

CCURATE measurements of tropospheric water (e.g.,

water vapor, cloud, and rain) are required for studies of
climate change. Water vapor is the most abundant greenhouse
gas [1]. Clouds affect the Earth’s radiation budget, and any
subtle change in cloud properties can alter climate responses
to anthropogenic aerosols or other factors associated with
global change [2]. Heavy rainfall often causes flooding [3].
The advantages of ground-based microwave radiometers in
the K-band (21.3-31.5 GHz) for measuring atmospheric water
are well known: continuous, automatic operation with high
time resolution in almost all weather conditions, day and
night [4], [5]. Bernet et al. [6] showed that ground-based
microwave radiometry is adequate to monitor long-term trends
of integrated water vapor (IWV). Ground-based microwave
radiometers are further important for cross validation of satel-
lite measurements of IWV [7], [8]. Compared to ground-
based global navigation satellite system (GNSS) receivers,
a radiometer can provide IWV with a higher temporal and
horizontal resolution (e.g., 10 s and 100 m). Thus, a ground-
based radiometer can achieve a high coincidence with an over-
head satellite observation of IWYV, which is of interest for the
study of the small-scale variability of IWV [9]. Exploring mea-
surement capabilities of ground-based microwave radiometers
and analyzing biases and uncertainties in atmospheric water
retrievals are therefore necessary.

Microwave radiometers measure brightness temperatures
(Tb) to derive atmospheric water parameters, including IWYV,
integrated cloud liquid water (ILW), and rain rate. To evaluate
the reliability of the derived IWYV, it is often compared to
water vapor derived from other techniques such as radiosonde,
GNSS, Fourier transform infrared spectrometer (FTIR), and
Raman lidar [6], [10], [11]. Radiosondes cannot directly
observe the characteristics of the cloud liquid [2]. In situ mea-
surements of ILW can provide the most accurate microphysical
information on clouds [12], but it requires aircraft to traverse
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rapidly evolving clouds and cannot represent radiometer sam-
pling [13]. The vertical reflectivity of expensive and sparsely
distributed cloud radar is more suitable for obtaining ILW
with small droplets [14]. Rain rates are primarily verified
by the accumulated rain measured by rain gauges with a
coarser time resolution compared to radiometers. The inter-
comparison of two microwave radiometers with a different
setup is undoubtedly a good choice because they have the
same observation principle, which helps to account for various
sources of error. The Humidity And Temperature PROfiler
(HATPRO) radiometer manufactured by Radiometer Physics
GmbH (RPG) is widely used for meteorological monitoring
and forecasting networks worldwide [15]. The TROpospheric
WAter RAdiometer (TROWARA) built and operated by the
Institute of Applied Physics (IAP) at the University of Bern,
Bern, Switzerland, has been operational for 28 years. Many
studies have compared it to global positioning system (GPS),
in situ instruments, and reanalysis data and demonstrated
TROWARA’s superior ability to retrieve atmospheric water,
especially IWV [16], [17], [18], [19].

Cimini et al. [20] evaluated the agreement of Tb mea-
sured by two ground-based microwave radiometers during the
Temperature, hUmidity, and Cloud (TUC) profiling campaign.
Mattioli et al. [21] explored the scanning capabilities of three
microwave radiometers and their monitoring of IWV and ILW
during the 2003 Cloudiness Inter-Comparison Experiment.
Mattioli et al. [22] compared Tb calculated by radiosonde with
those measured by three microwave radiometers at 23.8 and
31.4 GHz as well as the IWV from the radiometers and a
GPS station. However, these studies lack an analysis of the
problems of radiometers due to outdoor operation. Microwave
radiation strongly emitted and scattered by rainwater on the
radome affects the radiometric signal, making it difficult to
identify the signal of raindrops in the air and other atmospheric
parameters. This leads to a decrease in the accuracy of the
atmospheric Tb measurements and parameter retrievals from
ground-based microwave radiometers [23], [24]. Instrument
hardware upgrades can reduce the water film bias [25], but
even with blowers and hydrophobic materials, rainwater is
still likely to float or remain on the radome during and after
rain [26]. Indoor observations can effectively avoid radome
and antenna wetting, so a comparison of indoor and outdoor
radiometers can reveal possible differences in Tb, opacity,
IWYV, rain rate, and other atmospheric parameters, which are
caused by undesired water films on the outdoor radiometer
radome. TROWARA is the only indoor microwave radiometer
to our knowledge for the measurement of tropospheric water
parameters during rain and no rain, which is mentioned in
the literature (e.g., [6]). Thus, this present article includes
the details of the measurement setup of TROWARA, which
are useful for the installation of indoor radiometers at other
locations in the world.

This article is organized as follows. Section II describes the
study site and instrumentation. Section III outlines the prin-
ciple and feature selection of the gradient boosting decision
tree (GBDT) and methodologies for IWV, ILW, and rain rate
retrievals. Section IV presents brightness temperature, opacity,
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and atmospheric water parameters comparisons in the K-band
for the 62 days of coincident measurements. The brightness
temperature bias for the two radiometers and the effect of
liquid water on the radome of an outdoor radiometer are also
discussed in this section. Conclusions are given in Section V.

II. INSTRUMENTATION

The HATPRO (HATPRO-G2) microwave radiometer was
operated in Payerne (46.82°N, 6.95°E; 491 m asl) from 2009 to
2021 by the Swiss Federal Institute of Meteorology and
Climatology (MeteoSwiss). The instrument was moved in
November 2021 from Payerne to the roof of the ExWi building
(46.95°N, 7.44°E; Alt. 575 m asl) at the University of Bern for
an intercomparison between the outdoor radiometer HATPRO
and the indoor radiometer TROWARA. This study assesses
the brightness temperature (Tb), opacity, and the retrieval
products IWV, ILW, and rain rates from December 1, 2021 to
January 31, 2022. In addition, the Tb of the two instruments
is also compared with the Tb simulations (RTSE Tb) based
on calculations of the Atmospheric Radiative Transfer Sim-
ulator (ARTS) using the daily operational analysis data of
the European Centre for Medium-Range Weather Forecasts
(ECMWF). The temporal and spatial resolutions of ECMWF
are 6 h and 1.125°, respectively. By using the data of the ExWi
weather station, the ECMWF profiles from about 1.1 to 70 km
asl are linearly extrapolated to the surface at 0.575 km asl.
ARTS is a radiative transfer model focused on the microwave
frequency range [27]. Inputs to the model include pressure,
height, temperature, and water vapor density. H,O, O,, and
N, concentrations are used to calculate the absorption coeffi-
cients over a range of microwave frequencies and simulate the
emission spectrum at the location of the instruments. We do
not consider hydrometeors or other aerosols in the simulation
so that the modeled brightness temperature is only accurate
during clear-sky periods. The outdoor HATPRO and the indoor
TROWARA radiometer conduct parallel observations from
locations less than 20 m apart at the same azimuth and
elevation angle, 130° (southeast) and 40°, respectively.

A. Indoor Radiometer TROWARA

The TROWARA radiometer has been operated by the
IAP since 1994 on the roof of the University of Bern.
This instrument measures the brightness temperatures at three
microwave frequency channels with a time resolution of 7 s.
Two microwave channels are at frequencies of 21.385 GHz
(bandwidth 100 MHz) and 31.5 GHz (bandwidth
200 MHz), and the third channel built in November 2007 is
22.235 GHz (bandwidth = 400 MHz). The 22.235-GHz chan-
nel is located in the center of the water vapor line and is
more sensitive to microwave emission from atmospheric water
vapor than the 21.385-GHz channel. The 31.5-GHz channel
is more sensitive to microwave emission from atmospheric
liquid water than the other two channels. The half-power
beamwidth of TROWARA antenna beams is 4° for all frequen-
cies. TROWARA also includes an additional thermal infrared
channel at 9.5-11.5 um. TROWARA can provide accurate
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IWYV, ILW, and high-quality rain rate values using opacity-
based physical retrieval algorithms [19], [28]. A standard
weather station called ExWi Weather Station is also operated
on the ExWi building, a few meters away from TROWARA,
to provide weather information and auxiliary data for the
retrieval models.

TROWARA was on the roof outdoors from 1994 to April
2002. The disadvantages of its outdoor operation are twofold:
1) the temperature of the radiometer body was unstable due
to solar heating and 2) rain collected on the radiometer
radome caused unreliable measurements for up to several
hours after rainfal. TROWARA was moved from outdoor to
indoor constant temperature laboratory and was reinstalled in
November 2002 [29] [Fig. 1(a)]. The antenna receives atmo-
spheric radiation through a microwave transparent window that
is well protected against rain by a wall overhang [Fig. 1(b)].
The window only can get wet in case of strong southeast-
erly winds that are very rare during rain events in Bern.
This indoor operation avoids contamination of measurements
caused by antenna wetness and allows TROWARA to measure
even on rainy days. Generally, the stability and accuracy
of TROWARA’s measurements of IWV and ILW strongly
increased after TROWARA became an indoor radiometer in
2002, and the rain rate retrieval is not biased by water films
on the radome.

The original design and construction of TROWARA are
described by Peter and Kampfer [30]. Scientists and engineers
from the IAP at the University of Bern improved TROWARA
and enabled TROWARA to measure continuously without
break points in the IWV time series since 2002. The amount of
data gaps after 2002 is less than 2%. The latest block diagram
of TROWARA is shown in Fig. 2. The developed radiometer
model provides a good estimate of the antenna temperature
by measuring the reflection and transmission coefficients of
all radiometer components and enables automatic internal
calibration at fairly small time intervals [29]. The active
cold loads (ACLs) replaced cooled cold loads in 2004, and
two ferrite switches for each frequency switch between the
antenna, the ACL, and a matched waveguide termination,
which is used as hot load [31]. TROWARA is calibrated with
the ACL and hot load. The ACL temperature is determined
by the manual tipping calibration using clear-sky brightness
temperatures at different antenna elevation angles between 20°
and 45°. Because of the high stability of TROWARA, only two
tipping curve calibrations are required per year.

B. Outdoor Radiometer HATPRO

The HATPRO Generation 2 (G2) is a ground-based
dual-polarization radiometer (R-DPR-09/016) manufactured
in 2009 with a time resolution of 1-2 s. This instrument
measures microwave radiances (brightness temperatures) at
14 frequencies. Seven microwave channels in the water vapor
band (K-band) 22.24, 23.04, 23.84, 25.44, 26.24, 27.84, and
31.4 GHz provide atmospheric humidity and cloud liquid
water content in the troposphere, and their bandwidth is
between 0.1 and 2 GHz. Another seven channels in the
oxygen band (V-band) from 51 to 58 GHz are used to deter-
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Fig. 1. (a) TROWARA in an indoor laboratory on the ExWi roof.
(b) Measurement geometry of TROWARA observing the sky through a yellow
microwave transparent window.

mine atmospheric temperature properties [32]. The half-power
beamwidth of HATPRO antenna beams is 3.5° for K-band
frequencies. HATPRO also includes a GPS for instrument
location and observation time. HATPRO can retrieve IWV and
ILW using quadratic regression (QR) with software provided
by the HATPRO instrument manufacturer. The radiometer has
additional surface sensors to observe weather parameters such
as temperature, pressure, and relative humidity. These sensors
also provide input data for retrieval models. The complete
HATPRO instrument and software descriptions can be found
on the RPG website [33].

Generation 2 HATPRO (HATPRO G2) achieves thermal
stabilization through a dual-stage thermal control system con-
sisting of a main cooler followed by a Peltier stage for the
receivers [26]. The operating environment of its receiver is in
the temperature range of —30 °C to 40 °C. The antenna of the
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Block diagram of TROWARA operating at 21.4, 22.2, and 31.5 GHz. The instrument is calibrated using two ferrite circulator switches to switch

between the lens antennas, an ambient temperature load, and an ACL with an effective temperature in the order of 120 K.

outdoor HATPRO receives atmospheric radiation through the
microwave transparent foil (radome). Hydrophobic material
radome and radial blower prevent or reduce the water film
on the radome during rain. The rain detector of the HATPRO
and software-defined humidity threshold automatically control
the speed of the blower.

HATPRO performs absolute calibration using a liquid
nitrogen-cooled load mounted externally to the radiometer box
and an internal blackbody load at ambient temperature as
targets [34]. During calibration, an internal scanning mirror
keeps the antenna pointed at each target, and the HATPRO
software automatically corrects for calibration errors due to
microwave reflections from the liquid nitrogen-air interface.
One built-in diode noise source for each receiver replaces
the liquid nitrogen-cooled load, enabling automatic internal
calibration of the HATPRO [26]. For low atmospheric opacity
(high transparency) channels, HATPRO G2 also has an option
of tipping curve calibration [35], which is not enabled for the
radiometer on site.

III. METHODOLOGY
A. Gradient Boosting Decision Tree

It is considered to be one of the best performing ensemble
learning methods in machine learning. GBDT uses the negative
gradient of the loss function to fit the residual of the previous
round of base learners so that the residual estimate of each
round gradually decreases close to the actual value [36].
GBDT improves the generalization ability and robustness of a
single model and has an interpretable regression procedure.

An advantage of GBDT is that the relative importance of the
features used by the model can be output after model training,
which is often used for feature selection to understand which
factors have a key impact on prediction [37]. Friedman [38§]
proposed the computation of GBDT feature selection. The
basic idea is that the average selection frequency J; of the fea-
ture j serves as a statistic to measure its importance. The more
times an input feature is selected as a branch feature during
branching in a regression tree, the more important the feature
is. The number of times is normalized to the relative frequency,

and then, the selected frequencies of the input features in all
regression trees are averaged

M
N 1 N
Jp=0r 2 I3 (1)
m=1
where M is the number of trees and m = 1,2,..., M. The
importance of feature j for a decision tree 7 is given as
follows:
A L-1 A
JHT) = i1,

t=1

=J). (2
Here, it is assumed that every tree is binary tree, so L is
the number of terminal nodes and L—1 is the number of
nonterminal nodes. v, is the splitting variable associated with
node ¢, and i,2 is the square of loss reduction after node ¢

splits.

B. IWV and ILW Retrieval

TROWARA uses the two microwave frequencies 21.385 and
31.5 GHz to retrieve IWV and integrated liquid water (ILW).
The following is a brief explanation of the retrieval technique.
It is assumed that there is a plane-parallel atmosphere, so the
radiative transfer equation for nonscattering atmospheres is

Tby =Tb, - e”/* +Tm; - (1 — e "/*) 3)

where 7, is the zenith opacity of the atmosphere. p is the
cosine of the zenith angle 6, i.e., u = cos 6. Tb is the bright-
ness temperature observed by TROWARA, and Tb. is the
brightness temperature of the cosmic microwave background.
Tmy is the effective mean temperature of the troposphere
calculated by the linear equation of surface temperature,
pressure, and relative humidity. It is also frequency (and site)
dependent.
Equation (3) derives the zenith opacity as

Tmf—be
= T, )
f = c

Equation (4) can also be expressed as a linear combination
of IWV, ILW, and integrated rain liquid (IRL), where ILW

“4)
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is the integrated liquid water of the cloud droplets along the
zenith direction. Ice and dry snow contribute negligibly to
radiation because of their small dielectric losses

ty=(ar+by-IWV +c; ILW) + 74 (@)
Tf =Cyf - GM!f -IRL (6)

where the coefficients a; and b, depend on air pressure. They
can be statistically obtained from simultaneous measurements
of radiosondes and fine-tuned during periods of a clear sky.
The coefficient ¢, depends on air temperature and frequency.
It is the Rayleigh mass absorption coefficient of cloud water,
which can be obtained from a dielectric model of water. ;s is
the rain zenith opacity. Gy, ¢ is the rain Mie gain.

The retrieval of IWV and ILW uses a physical algorithm
for microwave radiometer data during no rainfall (G, ; = 0)

721 — a1 — Y (31 — az1)

WV = %
by (1 = By)

Iw = BL— %1~ B(t21 — az1) 8)
c31(1 = By)

where subscripts 21 and 31 represent the microwave frequen-
cies of TROWARA at 21.385 and 31.5 GHz, respectively.
,3 = b31/b21 < 05, and Yy = C21/C31 = 0.5. Details of
TROWARA'’s IWV and ILW retrieval algorithms are described
by Mitzler and Morland [28].

HATPRO G2 uses the seven K-band microwave frequencies
to retrieve IWV and ILW based on the QR method. The QR
retrieval technique can be described as

Outn = Osn + Z MLns . Mrs + Z Man : Mraz

sensors Sensors

+) TLy-Tby + ) TQ, -Tb:  (9)
freq freq

where n is the number of retrieval parameters and Out, is the
output parameter (IWV or ILW). Os,, is the retrieval offset for
Out,,. s is the number of times to check the surface sensor, and
Mr, is the meteorological parameters temperature, pressure,
and relative humidity read by the sensor. ML,; and MQ,, are
the linear coefficient and quadratic coefficient of Mr;, respec-
tively. The subscript f* denotes the microwave frequency. Tb
is the brightness temperature observed by HATPRO. TL,,
and TQ,, are the linear coefficient and quadratic coefficient
of Tby, respectively. These coefficients are derived by RPG
based on long-term radiosonde datasets. The limitation is that
the retrieval algorithms can only be applied to the range
of atmospheric conditions included in their training datasets.
More details for the HATPRO retrieval are described in the
RPG operation and software guide [26], [39].

C. Rain Rate Retrieval

Because the rain rate retrieval is not included in the standard
HATPRO software, in this study, we use the same opacity-
based physical method as for TROWARA to retrieve rain rates
for HATPRO. During rain, t;¢ is determined iteratively. The
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iterative equation can be expressed as
k
(*k+1) Tmrf<fr(f )> — Tou
Tif = K- In ® (10)
Tmrf (Trf ) — be
(k+1)

where 7; is the rain zenith opacity at the kth iteration.
Tmyt is the effective mean temperature during rain. Tby¢ is the
brightness temperature during rain, and Tb is the brightness
temperature without rain. Equation (10) basically converges
after two iterations.

Rain rate Ry can be calculated from rain zenith opacity

Tof

= e e (an
where g, is the effective rain absorption coefficient calculated
with Mie theory. Hr is the vertical distance from the melting
layer to the surface when it rains. The details of the rain rate
retrieval algorithm for HATPRO and TROWARA are described
by Wang et al. [19].

IV. RESULTS AND DISCUSSION
A. Brightness Temperature Comparison

The HATPRO G2 radiometer was transferred from Payerne
to Bern in November 2021, and it was calibrated on November
11, 2021. Our study considers the HATPRO observations
after December 1, 2021. Fig. 3 shows a two-month Tb time
series of the same microwave channels 22 and 31 GHz from
HATPRO, TROWARA, and RTSE. The rain flag marks the
time of rain. RTSE Tb is missing during rainfall when Tb
observed by HATPRO and TROWARA increases remarkably.
As shown in Fig. 3(a), RTSE Tb agrees better with TROWARA
Tb than HATPRO Tb. The mean value of TROWARA Tb
at 22 GHz is around 22 K during no rainfall, and HATPRO
Tb is significantly overestimated by more than 5 K. This
overestimation can be clearly seen from January 22 to 26
(shaded area). As shown in Fig. 3(b), there is comparatively
good agreement between TROWARA Tb, HATPRO Tb, and
RTSE Tb. The mean value of TROWARA Tb at 31 GHz is
around 17 K during no rainfall, with HATPRO overestimating
Tb by around 1 K on average. During rainfall, HATPRO Tb
values are significantly higher than TROWARA Tb at both
22 and 31 GHz due to the influence of a water film on the
radome, which is described in detail next.

Fig. 4 shows the mean value and standard deviation of Tb
of HATPRO and TROWARA in the K-band for three days
of dry clear-sky conditions on January 1, 14, and 22, 2022,
and RTSE Tb as a function of frequency over the same time
period. The mean value of IWV and ILW is about 8.5 and
0 mm, respectively. As shown in Fig. 4(a), TROWARA Tb
at microwave frequencies 22 and 31 GHz agrees very well
with RTSE Tb, while there is a deviation of 2.5 K between
TROWARA and RTSE at 21 GHz. Since TROWARA retrieval
coefficients are corrected to match GPS and radiosonde data,
the intercomparison of IWV from TROWARA and ERAS5
reanalysis only resulted in a small mean difference of 0.38 mm
for no rain conditions [40]. Note that the maximum value of
the RTSE curve appears to be at 22.5 GHz, while the line
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Fig. 3. Time series of the brightness temperature (Tb) observed by HATPRO
and TROWARA, as well as radiative transfer simulations based on the
operational analysis data ECMWF (RTSE) Tb at (a) 22 and (b) 31 GHz
from December 1, 2021 to January 31, 2022. The rain flag data observed by
the HATPRO rain detector are used to identify rain. The shaded area is from
January 22 to 26, 2022.

center of the water vapor line should be at 22.235 GHz. The
reason is the high pressure in the troposphere [41]. HATPRO
Tb is significantly enhanced at all microwave frequencies.
Compared to RTSE Tb, HATPRO Tb has a maximum devia-
tion of 5.3 K at 22 GHz and a minimum deviation of 1.0 K
at 31 GHz. As shown in Fig. 4(b), the standard deviations
of HATPRO and TROWARA are almost the same at 22 and
31 GHz. This further suggests that the changes of Tb they
observed are similar when HATPRO had no water film on the
radome under dry conditions.

The effect of common instrument characteristics on bright-
ness temperature is unlikely to be the main reason for the over-
estimation of HATPRO Tb, such as antenna beamwidth and
individual filter bandwidth. The beamwidths of HATPRO and
TROWARA are relatively narrow, with half-power beamwidths
of 3.5° and 4°, respectively. At an observation elevation
angle of 40°, the bias caused by these beamwidths can be
negligible in the K-band. Bandwidth errors of microwave
channels are less important for K-band. At these frequencies,
it is acceptable to use a wider bandwidth to improve detection
under low signal-to-noise ratio conditions [42]. It is worth
noting that a frequency offset of the channels can lead to a
considerable bias.

The HATPRO calibration bias is more likely a cause of the
overestimation of HATPRO Tb, including nonlinearities in the
calibration transfer characteristics and nonlinear corrections.
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Fig. 4. (a) Mean and (b) standard deviation of Tb observed by HATPRO,
TROWARA, as well as RTSE Tb, only for clear conditions (three days).

Rose et al. [26] stated that the HATPRO-G2 is calibrated by
noise injection and based on a four-point method to correct
the nonlinearities. One possible explanation for the bias is that
the coefficients for this correction are incorrect. TROWARA
assumes a linear transfer characteristic. It should be less
prone to linearity errors since the calibration is done with the
ACL and ambient, whereas HATPRO has to extrapolate from
ambient and ambient plus noise diode (> 300 K) to a sky
temperature of 30 K. From 13:00 to 17:00 on September 22,
2022, we performed liquid nitrogen calibration during clear
sky for HATPRO. Fig. 5 shows the change in Tb from before
to after HATPRO calibration. Before the HATPRO calibration
at 22 GHz, the Tb bias between HATPRO and TROWARA is
7.7 K, much higher than the one in January 2022 in Fig. 4.
HATPRO calibration reduces the Tb bias, correcting 1.6 K
(21%) to 6.1 K. In addition, the small-scale variations of Tb
from TROWARA and HATPRO are perfectly correlated. Thus,
the variations are real atmospheric variations and not instru-
ment noise. We also checked the pointing accuracy of the two
radiometers by scanning the Sun to determine whether there is
any bias on the elevation angle that could explain the Tb bias
between the two instruments [43] and found that HATPRO has
a slightly higher elevation angle than TROWARA. The actual
elevation angles of TROWARA and HATPRO determined by
the solar drift scans were 40.05° and 41.53°, respectively. The
effect of this difference in elevation angle on the Tb bias is
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Fig. 5. Time series of Tb observed by HATPRO and TROWARA on
September 22, 2022. HATPRO was calibrated with external liquid nitrogen
from 13:00 to 17:00, while TROWARA continued to observe.

about —0.68 K during a clear sky in January 2022. Given
that it would result in an underestimation of Tb, the pointing
bias might compensate partly for HATPRO’s other biases (e.g.,
nonlinearity of calibration).

Before the HATPRO moved to Bern, Hervo et al. [44] in
Payerne studied the difference between Tb measured by this
HATPRO G2 and a new Generation 5 HATPRO (HATPRO
G5) and radiative transfer simulations based on radiosonde
data (denoted as RTSR) from March 25 to August 25, 2021.
Fig. 6 is taken from their research report. As shown in
Fig. 6(a), the Tb bias between HATPRO G5 and RTSR is
significantly smaller than the HATPRO G2. HATPRO G2 Tb
at 22 GHz in Payerne is overestimated by about 2.19 K at
zenith compared to RTSR [Fig. 6(b)]. The overestimation of
HATPRO Tb occurs in a different manner in Payerne and Bern
due to instrument elevation of 90° in Payerne. An observation
elevation angle of 90° produces a lower overestimation than
measurements at much lower elevation angles. It may also be
due to different weather conditions in these two places.

The feature importance calculation of GBDT can further
quantify the sensitivity of multiple factors to the contribution
of Tb bias and thus infer the source of the bias [36]. The
bias may be caused by a combination of factors, includ-
ing voltages, channel gain (slope of the linear response),
and temperature of ambient blackbody target, which are
related to instrument calibration; environmental temperature
and environmental relative humidity, which are related to the
instrument surrounding environment; receiver temperature and
receiver stability, which are related to receiver performance;
and Sun elevation angle, which is related to the position of the
Sun relative to the instrument and diurnal distribution. These
eight factors provided by HATPRO are the input learning
datasets for GBDT here. Because TROWARA fits well with
RTSE and the lower temporal resolution of RTSE cannot meet
machine learning data volume requirements, the difference
between the Tb of HATPRO and TROWARA at 22 GHz is
marked as the actual value of the bias. More than 280000
quality control samples in 23 clear-sky days are collected
to improve model generalization and prevent overfitting. The
training samples and test samples are randomly selected to
account for 90% and 10% of the total samples, respectively.
The GBDT model parameters set in this study are given as
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Fig. 6. (a) Difference between brightness temperatures measured by
HATPRO G2 and HATPRO G5 and radiative transfer simulations based
on radiosonde data (RTSR) at 22 GHz in Payerne. (b) Mean value of the
difference in brightness temperature between measurements and simulations
at seven K-band frequencies.

follows: the learning rate is 0.07, the subsampling rate is
0.85, the maximum depth of decision tree is 26, the minimum
number of samples for leaf nodes is 22, the minimum number
of samples for internal nodes is 60, the number of features for
optimal segmentation is 2, the number of boosting stages to
perform is 1000, and the random state is 10. After training,
the GBDT model obtained a coefficient of determination (R?)
of 0.99 and a root-mean-square error (RMSE) of 0.004 K,
which means that one or more of these input factors are
responsible for the Tb bias. Fig. 7 shows the bias-contribution
scores. The top two with high bias-contribution scores are
instrument calibration, consisting of temperature of blackbody
target, channel gain, and voltages; and instrument surrounding
environment, consisting of relative humidity and temperature.
The sums of their associated factors are all above 0.37. The
Sun elevation angle also has a large bias contribution with
a score of 0.21, while the HATPRO receiver performance
contributes very little to the Tb bias.

B. Intercomparison of IWV, ILW, Opacity, and Rain Rate

Fig. 8 shows a two-month time series and a scatter plot of
HATPRO IWV and TROWARA IWYV retrieved by (7) and (9),
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(a) Time series of the IWV provided by HATPRO and TROWARA from December 1, 2021 to January 31, 2022. The rain flag data observed by the

HATPRO rain detector are used to identify rain. (b) Scatter plot of IWV provided by HATPRO and TROWARA from December 1, 2021 to January 31, 2022.
The black solid line is the 1:1 line, and the red dashed line is the linear regression fit line. The blue gradient represents the density of the scatter distribution

calculated by the Gaussian kernel.

respectively. Note that the IWV during rain is not provided
by TROWARA, but obtained by interpolating the opacity
before and after rain. This interpolation of the TROWARA
retrieval is useful to study the variation of IWV during rain [3],
[40]. As shown in Fig. 8(a), during no rainfall, the mean
value of TROWARA IWV is around 7 mm. TROWARA
IWYV values are higher during rainfall than during no rainfall.
Hocke et al. [40] showed that TROWARA IWV agrees with
GNSS IWV and ERAS IWV even during rain conditions.
During no rainfall, the mean value of HATPRO IWYV is
around 11 mm. HATPRO IWYV increases dramatically during
rainfall. As shown in Fig. 8(b), HATPRO IWYV is significantly
overestimated compared to TROWARA IWV. The slope and
intercept of the linear fit are 1.73 and —0.09 mm, respectively.
The area with the minimum distribution density (light blue
area) corresponds to large values of HATPRO IWYV, and the
linear regression fit line is located above the 1:1 line. The
overestimation of IWV by this HATPRO also occurred in the
measurements in Payerne. Hocke et al. [40] intended to present
a comparison between IWV obtained by radiosonde, GNSS,
ERAS, and HATPRO at Payerne. However, they excluded
the HATPRO G2 from this intercomparison because of its
too strong positive deviations compared to the other three
sources. TROWARA IWV and HATPRO IWV also present
similar variations. The R?> and RMSE between TROWARA
and HATPRO IWYV are 0.84 and 8.01 mm, respectively.

Fig. 9 shows a two-month time series and a scatter plot
of TROWARA ILW and HATPRO ILW retrieved by (8) and
(9), respectively. As shown in Fig. 9(a), during no rainfall,
the mean value of TROWARA ILW and HATPRO ILW is
around 0.08 and 0.2 mm, respectively. TROWARA ILW is
close to zero in cloudless conditions, while it is around 0.1 mm
for HATPRO. This confirms the fact that HATPRO retrievals
overestimate ILW. During rainfal, TROWARA ILW and
HATPRO ILW increase dramatically. As shown in Fig. 9(b),
HATPRO ILW is significantly overestimated compared to
TROWARA ILW. The slope and intercept of the linear fit
are 1.63 and —0.1 mm, respectively. The area with the
minimum distribution density (light blue area) corresponds
to large values of HATPRO ILW, and the linear regression
fit line is located above the 1:1 line. TROWARA ILW and
HATPRO ILW also present similar variations. The R? and
RMSE between TROWARA and HATPRO ILW are 0.81
and 0.27 mm, respectively.

The overestimation of HATPRO IWV and ILW could be
due to the fact that Tb in the K-band observed by the
HATPRO radiometer is overestimated, e.g., in the 22-GHz
channel. We simply adjusted the brightness temperature of
HATPRO by a constant difference from RTSE and reretrieved
the IWV. Although the bias in IWV was slightly reduced, the
overestimation persisted. Therefore, the retrieval method itself
may be the main contributing factor to the overestimation of
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(a) Time series of the ILW provided by HATPRO and TROWARA from December 1, 2021 to January 31, 2022. The rain flag data observed by the

HATPRO rain detector are used to identify rain. (b) Scatter plot of ILW provided by HATPRO and TROWARA from December 1, 2021 to January 31, 2022.
The black solid line is the 1:1 line, and the red dashed line is the linear regression fit line. The blue gradient represents the density of the scatter distribution
calculated by the Gaussian kernel. The subplot is the ILW scatter plot from O to 0.3 mm.
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(a) Time series of the rain-free zenith opacity provided by HATPRO and TROWARA from December 1, 2021 to January 31, 2022. (b) Scatter

plot of the rain-free zenith opacity provided by HATPRO and TROWARA from December 1, 2021 to January 31, 2022. The black solid line is the 1:1 line,
and the red dashed line is the linear regression fit line. The blue gradient represents the density of the scatter distribution calculated by the Gaussian kernel.
(c) Time series of the total zenith opacity provided by HATPRO and TROWARA from December 1, 2021 to January 31, 2022. The rain flag data observed
by the HATPRO rain detector are used to identify rain. (d) Scatter plot of the total zenith opacity provided by HATPRO and TROWARA from December 1,
2021 to January 31, 2022. The black solid line is the 1:1 line, and the red dashed line is the linear regression fit line. The blue gradient represents the density
of the scatter distribution calculated by the Gaussian kernel. The subplot is the ILW scatter plot from O to 0.1.

IWV. Rose et al. [26] indicated limitations of the HATPRO
G2 retrieval methods. The relationship between atmospheric
water and brightness temperature varies by region and season,
and statistical algorithms are problematic in a wide range
of applications. This weakness of the HATPRO QR affects
the retrieval accuracy of IWV and ILW. As we show in the
following, another cause leading to the overestimation of IWV
and ILW by HATPRO is the water film on the radome during
and shortly after rain events.

Opacities are used for rain rate retrieval at 31 GHz and
to study the effect of water on the radome. Fig. 10 shows a
two-month time series and scatter plot of the rain-free zenith
opacity and total zenith opacity (both rain-free zenith opacity
and rain zenith opacity). HATPRO opacity is not calculated
using the attenuation retrieved from the HATPRO QR, but
by (4) and (10) in the same way as TROWARA. Note that
the rain-free zenith opacity during rainfall is not provided by
radiometers but is obtained by interpolating before and after
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rain rates provided by HATPRO and TROWARA from December 1, 2021 to J

(a) Time series of rain rates provided by HATPRO, TROWARA, and rain gauge from December 1, 2021 to January 31, 2022. (b) Scatter plot of

anuary 31, 2022. The solid black line is the 1:1 line, and the red dashed line is

the linear regression fit line. (¢) Cumulative rain lines provided by HATPRO, TROWARA, and rain gauge on December 4, 2021. The time for the green line
is 12:58 UT. The shaded area is from 12:58 UT to 13:55 UT. (d) Cumulative rain provided lines by HATPRO, TROWARA, and rain gauge on January 5,

2022.

rain. There is a high possibility of raindrops in the atmosphere
if the ILW value is greater than or equal to 0.4 mm [18],
[45], so ILW = 0.4 mm is used as the rainfall threshold
for TROWARA. The ILW threshold for rainfall is usually
between 0.1 and 0.6 mm. In fact, even if the threshold is not as
accurate, the detection of rain occurrence is sufficient. This is
because the enhanced emission due to the Mie effect leads to
a very strong increase in ILW when the droplet size (diameter)
increases to 0.3 mm. Since HATPRO retrieved a higher ILW
as previously described, the threshold for rainfall is set to
0.6 mm. As shown in Fig. 10(a) and (b), during no rainfall, the
HATPRO zenith opacity agrees well with TROWARA zenith
opacity. The slope and intercept of the linear fit are 0.97 and
0.004, respectively. The zenith opacity of TROWARA and
HATPRO also presents the same variations. The R> and RMSE
between TROWARA and HATPRO zenith opacity are 0.96 and
0.006, respectively. As shown in Fig. 10(c) and (d), during
rainfall, HATPRO zenith opacity is overestimated compared
to TROWARA zenith opacity. The slope and intercept of
the linear fit are 1.21 and —0.006, respectively. The linear
regression fit line is located above the 1:1 line. On the other
hand, the zenith opacity of TROWARA and HATPRO presents
similar variations. The R?> and RMSE between TROWARA
and HATPRO zenith opacity are 0.83 and 0.025, respectively.

Fig. 11(a) and (b) shows a two-month time series and
scatter plot of rain rates retrieved by (11) at 31 GHz. The
rain gauge data are from the ExWi weather station with a

time resolution of 10 min. As shown in Fig. 11(a), HATPRO
and TROWARA are very consistent in determining the occur-
rence/duration of rainfall. The more rain is measured by the
rain gauge, the higher the estimated rain rate for HATPRO and
TROWARA are. Note that HATPRO and TROWARA detect
rain, but the rain gauge does not measure any rain, such as
December 5 and 6 and January 19 and 20. This may be due
to two reasons. First, the time resolution of HATPRO and
TROWARA is high so that rain detected for a particularly short
time contributes very little to the cumulative rain. Second,
virga rainfall evaporates or sublimates before reaching the
ground [46]. As shown in Fig. 11(b), HATPRO rain rates are
significantly overestimated compared to TROWARA rain rates.
Some smaller values (less than 10 mm/h) of TROWARA rain
rates correspond to larger values (1540 mm/h) of HATPRO
rain rates. The slope and intercept of the linear fit are 1.42 and
0.19 mm/h, respectively. The linear regression fit line is located
above the 1:1 line, and HATPRO rain rates agree poorly
with TROWARA rain rates. The R? and RMSE between
TROWARA and HATPRO rain rates are 0.44 and 1.97 mm/h,
respectively. Fig. 11(c) and (d) shows the cumulative rain ver-
sus time for the heavy and moderate rain cases, respectively.
Cumulative rain of TROWARA presents similar variations to
rain gauge cumulative rain, but HATPRO continues to increase
after TROWARA and rain gauge stop increasing, such as
from 12:58 UT to 13:55 UT. As shown in Fig. 11(c), during
heavy rain, both HATPRO and TROWARA cumulative rain



WANG et al.: INDOOR MICROWAVE RADIOMETER FOR MEASUREMENT OF TROPOSPHERIC WATER

—_
2
~
=
(o))

<o
~
1

o

[\)

1
Rain rate [mm/h]

Total zenith opacity

0.0
00:00

6:00 12:00 18:00

Time [hour]

—_
)
~

0.6

0.4 1

0.2 1

Total zenith opacity
Rain rate [mm/h]

0.0 T
0:00 3:00

6:00
Time [hour]

9:00

Fig. 12.

5301013

®)

0.6 6
2
£ 0.4 §
o S
K= )
g 5
E 0.2 1 =
g 3
2 e
0.0 T 1 T 0
12:00 15:00 18:00 21:00 00:00
Time [hour]
d
@ 0.6
2 -
: =
£ 0.4 1 g
o A=k
£ 2
S 024 =
[ 3
© ~
0.0 T T f 0
00:00 6:00 12:00 18:00 0:00

Time [hour]

Time series of total zenith opacity provided by HATPRO (blue solid line) and TROWARA (black dashed line), as well as rain rates measured by

rain gauge in (a) December 26, 2021; (b) December 27, 2021; (c) December 28, 2021; and (d) December 29, 2021. The shaded area marks when the zenith

opacity of HATPRO is much stronger than that of TROWARA.

are overestimated compared to rain gauge cumulative rain.
HATPRO is heavily overestimated to about nine times the rain
gauge values. As shown in Fig. 11(d), during moderate rain,
the TROWARA cumulative rain agrees relatively well with
rain gauge cumulative rain, as described by Wang et al. [19],
but HATPRO is heavily overestimated to about six times the
rain gauge values.

We used the same rain zenith opacity algorithm for
HATPRO and TROWARA at 31 GHz, but HATPRO shows
a significant rainfall overestimation. One of the reasons is
that the radome of the HATPRO radiometer placed outdoors
is contaminated with liquid water left on it by rainfall. This
situation can exist during and after rain. Fig. 12 shows the
examples of total zenith opacity for HATPRO and TROWARA
with rain. The rain rate decreases or stops, while the total
zenith opacity of HATPRO remains very strong, such as on
December 26 from 4:32 UT to 6:34 UT, December 27 from
15:22 UT to 16:57 UT, December 28 from 3:34 UT to 5:42 UT,
and December 29 from 11:52 UT to 15:08 UT. The HATPRO
zenith opacity is significantly higher than TROWARA by a
maximum of 0.2. There are also some cases with less impact
on HATPRO zenith opacity, such as on December 26 from
15:31 UT to 16:01 UT and 21:45 UT to 22:47 UT. When the
removal of the water film is effective, the HATPRO zenith
opacity agrees very well with TROWARA. This shows that
for outdoor radiometers, the blower and hydrophobic coating
play a role too.

V. CONCLUSION

The commercial radiometer HATPRO G2 is widely used
as a source of information on atmospheric water parameters
important to climate change research. To explore the bias
of measurements and the uncertainty of atmospheric water

retrievals of HATPRO, we compared it with a radiometer
TROWARA with the same observation principle but differ-
ent instrument characteristics for indoor and outdoor parallel
observations. The dataset contains more than 981 000 observa-
tions over a 62-day period from December 1, 2021 to January
31, 2022, during various weather conditions. TROWARA
brightness temperatures agree well with RTSE, but there
is a significant difference between brightness temperature
measurements from HATPRO and TROWARA. HATPRO has
the largest overestimation at 22.24 GHz, about 5 K, and
the minimum overestimation at 31.4 GHz, about 1 K. Their
retrieved IWV and ILW present similar changes, with R? of
0.84 and 0.81, respectively. IWV and ILW retrieved from HAT-
PRO are significantly overestimated using the QR retrieval
method compared to TROWARA, with slopes of 1.73 and
1.63, respectively. Since the outdoor operation of HATPRO has
liquid water on the radome during and after rain, its retrieval
of rain rates is less than satisfactory. Nevertheless, rain-free
opacity calculated by HATPRO at 31.4 GHz using the radiative
transfer equation is in good agreement with TROWARA. The
R? and slope are 0.96 and 0.97, respectively.

To explore the causes of the brightness temperature bias
in HATPRO and TROWARA at 22 GHz, we use the GBDT
to compare the importance of factors to the bias. The results
show that the instrument calibration, instrument surrounding
environment, and Sun elevation angle have major contributions
to the bias. The determination of the main contributing factors
can help to further establish correction models and optimize
the instrument.

TROWARA is possibly the sole indoor radiometer in the
world that can measure tropospheric water parameters during
rainfall. Our study showed that an indoor radiometer has many
advantages since it does not affect the microwave radiation
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due to the water film on the radome. It would be desirable
to install more indoor radiometers for weather observations in
the future so that rainfall events can be better accessed and
mobile outdoor radiometers can be cross-validated.
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