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ABSTRACT

ARTICLE HISTORY

A built-in operational regression algorithm (REA) of liquid water
path (LWP) retrieval supplied by the manufacturer of the RPGHATPRO microwave (MW) radiometer has been compared to a
so-called physical algorithm (PHA) based on the inversion of the
radiative transfer equation. The comparison has been performed
for diﬀerent scenarios of MW observations by the RPG-HATPRO
instrument that has been operating at St. Petersburg University
since June 2012. The data for the scenarios have been collected
within the time period December 2012–December 2014. The estimations of bias and random error for both REA and PHA have
been obtained. Special attention has been paid to the analysis of
the quality of the LWP retrievals before and after rain events that
have been detected by the built-in rain sensor. The estimation has
been done of the time period after a rain event when the retrieval
quality should be considered as insuﬃcient.
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1. Introduction
Remote-sensing techniques for monitoring the liquid water path (LWP) are not numerous. A technique based on atmospheric microwave (MW) radiation measurements is one
of the most advantageous due to its possibility to operate under nearly all weather
conditions, continuously, automatically, and with high temporal resolution. This technique is widely used for ground-based observations and space-borne observations over
oceans. Physical fundamentals of the ground-based MW radiometry including the basis
for LWP derivation and also the examples of modern instruments are presented in the
article by Westwater et al. (2005).
Since June 2012, the RPG-HATPRO MW proﬁler is routinely operating with sampling
interval of 1–2 s at the measurement site of the Department of Atmospheric Physics,
Faculty of Physics, St. Petersburg State University. The data products – temperature
proﬁle, humidity proﬁle, integrated water vapour (IWV), and LWP – are obtained by two
independent and separate algorithms: the built-in operational regression algorithm
(REA) supplied by the manufacturer of the instrument and the so-called physical
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algorithm (PHA) based on the inversion of the radiative transfer equation which has
been developed at St. Petersburg University and tuned specially for a RPG-HATPRO
instrument. The present article deals with LWP retrieval only and considers several
problems which still arise in the process of LWP derivation from ground-based MW
measurements.
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● The problem of the validation of obtained LWP values.
● The problem of error assessment including bias estimation.
● The problem of the retrieval quality assessment and spurious data rejection.

The ways to validate the LWP retrieval results obtained from MW measurements and
to estimate the accuracy are not numerous. One of them is to consider the clear-sky
conditions when the LWP values should be zero. This approach has been used by Turner
et al. (2007) who analysed the accuracy of LWP retrieval from the 2-channel radiometer
data (23.8 and 31.4 GHz). Turner et al. (2007) also developed a combination of statistical
and physical retrieval algorithms aimed to improve the quality of LWP data obtained
from 2-channel MW radiometer measurements. The problems of bias estimation and
spurious data rejection during and after rain events were considered in the article by
Meijgaard and Crewell (2005): it has been indicated that the problem of rain detection is
crucial for data analysis since observations are non-meaningful as long as the water on
the instrument has not completely evaporated. It has been reported that generally,
within 1 h time period after a rain event, data should be ﬁltered out. In order to assess
MW radiometer inferred LWP biases originating from instrumental drifts and uncertainties in the retrieval assumptions, Meijgaard and Crewell (2005) used isolation of cloudfree periods and special procedure to quantify bias correction. Rose et al. (2005) also
discussed the problem of the contamination of the MW radiometer measurements by
precipitation either due to wetting or the precipitation signal itself. It has been stressed
that it is of prime importance to detect precisely the moments of time when precipitation starts and when all water is evaporated from radome surface. Rose et al. (2005) have
noted that it is nearly impossible to determine the end of the drying period for an
individual radiometer without the use of simultaneous measurements by other instruments. Crewell and Löhnert (2003) have stressed that assessment of the accuracy of LWP
retrievals is hard to perform because of a lack of suﬃcient and independent measurements and therefore, a thorough evaluation of the LWP accuracy must be performed
theoretically, taking all sources of error into account. Crewell and Löhnert (2003)
presented a thorough study of LWP retrieval accuracy and considered several ways of
improving it. Extensive study of the nature of LWP retrieval errors relevant to a 2-channel
TROWARA radiometer has been done by Mätzler and Morland (2009), and the bias has
been attributed to the variable water vapour inﬂuence on absorption at 31 GHz. Much
attention has been paid by Mätzler and Morland (2009) to the problem of identiﬁcation
and analysis of cloud-free periods.
The main idea of the present article is to answer the question: Is it possible to work
out reliable criteria of the quality of LWP retrievals for a stand-alone 14-channel MW
radiometer on the basis of the comparison of the LWP values obtained by two diﬀerent
and independent retrieval algorithms?
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2. Experimental setup and retrieval algorithms
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The 14-channel MW radiometer RPG-HATPRO (generation 3) has been routinely functioning at the measurement site of the Department of Atmospheric Physics of St.
Petersburg University (59.88° N, 29.83° E) since June 2012 with sampling interval
about 1–2 s and the integration time 1 s. The complete description of radiometers of
the RPG-HATPRO type is presented at the website of the manufacturer (http://www.
radiometer-physics.de). All information on experimental setup and the measurement site
can be found in the article by Kostsov et al. (2016). The following important items
relevant to the present study should be stressed.
● Only zenith observations were considered.
● Only the built-in rain sensor was used for rain detection.
● Together with brightness temperature values in all 14 spectral channels and rain

sensor data, the data delivered by built-in temperature, humidity, and pressure
sensors were also collected and used.
Processing of measurements has been done by two separate and independent
retrieval algorithms. The ﬁrst algorithm is the built-in REA that had been developed by
the manufacturer and had been tuned by the manufacturer for St. Petersburg University
measurement site on the basis of MW radiative transfer modelling using huge amount of
radiosounding data obtained at the radiosounding station which is the nearest to the
measurement site. This algorithm has been used without any modiﬁcations – all software had been provided by the manufacturer.
The core of REA is the quadratic regression relationship between the input data and
unknown parameters which is given in the ‘Instrument Operation and Software Guide’,
X
X
X
X
Xi ¼ Fi þ
aij Sj þ
bij S2j þ
cik Tk þ
dik Tk2
(1)
j

j

k

k

where Xi is the ith unknown parameter, Fi is the oﬀset term, Sj is the reading of the jth
surface sensor, Tk is the brightness temperature in the kth spectral channel; a, b, c, d are
the regression coeﬃcients. It should be noted that j = 1 when the LWP is retrieved (only
pressure surface sensor reading is used). The regression coeﬃcients are derived on the
basis of multiple radiative transfer calculations – simulations of radiometric measurements under a variety of atmospheric conditions. The vertical proﬁles of atmospheric
parameters for these simulations are taken from radiosoundings (pressure, temperature,
humidity) and from modelling (cloud parameters).
The second algorithm is based on the inversion of the radiative transfer equation and
therefore is referred below as PHA. This algorithm uses the well known and widely applied
approach of simultaneous retrieval of proﬁles of several atmospheric parameters that inﬂuence the radiative transfer at frequencies that correspond to spectral channels of a
radiometer.
The description of the PHA, estimation of the retrieval accuracy for diﬀerent parameters, and the examples of retrievals can be found in the article by Kostsov (2015a).
Here, we brieﬂy describe only the principal features of the algorithm.
The radiative transfer equation is considered in the linearized form,
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0

0

where Tb is the brightness temperature of the MW radiation, vi is the frequency of the ith
spectral channel of the radiometer, the subscript ‘0’ denotes the reference atmospheric state
used for the linearization, p is pressure, T is temperature, q is absolute humidity, w is the cloud
liquid water concentration, s is the coordinate along the optical path (the altitude in our case)
from 0 to s0, and Kp, KT, Kq, Kw are the so-called weighting functions. The inverse problem is
solved in the vector-matrix form with respect to the combined vector of unknowns,
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xT ¼ ðp1 ;p2 ;:::pL ;T1 ;T2 ;:::TL ;q1 ;q2 ;:::qL ;w1 ;w2 ;:::wL Þ

(3)

where indices ‘1, 2, . . . L’ denote spatial coordinates (altitude levels), ‘T’ denotes transposition. Since the problem is ill-posed, the additional information is necessary for
obtaining its solution. We applied the additional information using the general approach
described by Kostsov (2015b). Under the general approach, diﬀerent types of this
information are treated as virtual measurements. The system of vector-matrix equations
to be solved under the general approach was the following,
8
y1  y1r ¼ K1 ðx  xr Þ
>
>
>
>
< ::::::::::
yi  yir ¼ Ki ðx  xr Þ
(4)
>
>
> ::::::::::
>
:
yN  yNr ¼ KN ðx  xr Þ
where x is the vector of unknowns, y is the vector of actual or virtual measurement, N is the
total number of actual and virtual measurements (i = 1, . . .,N), the index ‘r’ denotes the
reference values of x and y used for linearization of equations describing measurements of
diﬀerent kind, K is the linear operator matrix obtained as a result of a linearization. A
comprehensive description of all aspects of the general approach can be found in the
article by Kostsov (2015b) including the solution of the system (4), error assessment, and
examples of presenting a-priori and additional information as virtual measurements. The
application of the general approach to the described above problem of the inversion of
MW radiative transfer equation for the case of RPG-HATPRO measurements is presented
and analysed in detail by Kostsov (2015a). Characteristics of measurements (the actual and
the virtual ones) that were used in the current version of the PHA are given in Table 1.
The output of PHA consists of many parameters; however, in the present study, only
the following ones were used.
● The retrieved LWP value calculated by the integration of retrieved cloud liquid

water concentration proﬁle w(s).
● The estimation of random error of the retrieved LWP value obtained from the error

matrix of cloud liquid water concentration proﬁle.
● Retrieval quality ﬂag based on the convergence of solution of the iterative process
(0 – successful convergence, 1 – no convergence after 12 iterations, 2 – iteration
process failed due to obtained nonrealistic values).
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Table 1. Characteristics of the actual and the virtual measurements that were used in the current
version of the physical algorithm.
No

Type

Actual measurements
1 Microwave by
RPG-HATPRO
2 RPG-HATPRO
built-in
sensors
Virtual measurements
3 A priori
information
on proﬁles
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a

Hydrostatic
equilibrium
constraint

Measured value
Brightness temperature
In situ:
Temperature
Pressure
Relative humidity
Temperature proﬁlea
Relative humidity proﬁlea
Cloud liquid water concentration proﬁle (was taken
equal to 0.001 kg m−2 in the altitude range 0.3–
5.5 km)
Pressure proﬁle

RMSE
0.1 or 0.2°K depending on spectral
channel
1.0°K
1 mbar
5%
Deﬁned by covariance matrixa
Deﬁned by covariance matrixa
Deﬁned by model proﬁle of the
cloud liquid water concentration
variability
0.02% deviation from the values
corresponding to hydrostatic
equilibrium

Covariance matrices and mean proﬁles have been obtained on the basis of radiosoundings at Voeikovo station (WMO
ID 26063) in 2013–2014.

● The value of spectral discrepancy (the mean and the root mean square [RMS]

diﬀerence between the measured brightness temperature values and the values
of Tb calculated using the retrieved proﬁles of atmospheric parameters).
Before comparing the results obtained by the described algorithms, it is useful to
point out the distinctions of the algorithms considering input quantities, methodology,
a priori information, and the application conditions. Below, we brieﬂy summarize the
most important common features and distinctions of the algorithms.
● Both algorithms use brightness temperatures of the downwelling MW radiation in

●

●

●

●

all 14 spectral channels as the main input parameters. Additionally, REA uses the
pressure value obtained by the surface sensor. PHA uses the information from all
surface sensors – pressure, temperature, and relative humidity.
REA is based on the quadratic relationship between the LWP and input parameters
(except the pressure value obtained by surface sensor) while PHA is based on
linearized radiative transfer equation and the nonlinearity is corrected by iterations.
The output parameter of REA is the LWP value while PHA output is the cloud
liquid water vertical proﬁle that is further integrated to produce the LWP value.
Besides, PHA provides temperature, pressure, and humidity vertical proﬁles as
the output.
Both methods utilize the radiosounding data as a priori information; however,
the time periods when these data were obtained are diﬀerent for PHA and REA.
The other distinction is the form of utilization of this information: the input for
multiple radiative transfer calculations for REA, and the mean proﬁles and
covariance matrices for PHA.
As far as the application conditions are concerned, there are no restrictions; both
methods are expected to work well for St. Petersburg region during all seasons
since the a priori information was collected from local radiosounding station.
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To our opinion, the most important distinctions of the algorithms are (1) the predeﬁned quadratic relationship between the input and output parameters for REA while
the nonlinearity is corrected by iterations in PHA; (2) the multi-parameter formulation of
the inverse problem for PHA in contrast to single-parameter inverse problem for REA.
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3. Measurement data and scenarios for analysis
In the article of Kostsov et al. (2016), the MW observations at the measurement site of St.
Petersburg University have been analysed by means of the information approach that
included calculations of the information volume and other characteristics of information
content for various data ensembles. These data ensembles had been compiled on the
basis of measurements performed within the time period from 1 December 2012 to 30
November 2014. In the present study, we used the data obtained during the same period
of time due to the following reasons: (1) the instrument was functioning without failures,
(2) the obtained data volume is suﬃcient for derivation of statistical characteristics. The
sampling interval of MW measurements was 1–2 s; however, we used for analysis only the
data sampled every 120 s in order to keep the computing time for PHA reasonable on one
hand and to keep suﬃcient amount of data for obtaining statistical characteristics on
another hand. The complete data set has been divided into several ensembles corresponding to diﬀerent scenarios of observations. The description of these ensembles is
given in Table 2. The major division has been done on the basis of atmospheric temperature and humidity criterion: the data have been attributed either to warm and humid (WH)
or to cold and dry (CD) period. All rain events plus the time periods of 1 hour before and
4 hours after each rain event have been excluded and considered separately. These values
of time periods before and after a rain event have been chosen on the basis of preliminary
estimations in order to deﬁnitely exclude the inﬂuence of rain.
Sorting the data has been done in order to fulﬁl several consecutive tasks.
(1) Estimation of bias and random error for REA and PHA using cloud-free periods of
ensembles WH1 and CD1.
(2) Assessment of the agreement between REA and PHA for diﬀerent atmospheric
conditions.
Table 2. Data ensembles used for analysis.
Ensemble
Time period
WH1
1 May–30 November 2013 plus
1 May–30 November 2014
WH2
1 May–30 November 2013 plus
1 May–30 November 2014
CD1
1 December 2012–30 April 2013 plus
1 December 2013–30 April 2014
CD2
1 December 2012–30 April 2013 plus
1 December 2013–30 April 2014
a

Comment
Warm and humid atmosphere, no raina,c

Number of
measurements
144,135

Warm and humid atmosphere, rainb

52,803

Cold and dry atmosphere, no raina

135,940

Cold and dry atmosphere, rainb

24,602

Rain events plus 1 hour before and 4 hours after each rain event have been excluded from consideration.
Only rain events plus 1 hour before and 4 hours after each rain event have been considered.
c
Several days (19 August–4 September 2013) have been excluded from analysis since the anomalous bias of 0.17 kg m−2
has been detected in the REA results.
b
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(3) Analysis of the behaviour of LWP obtained by REA and PHA just before and after
rain events for diﬀerent atmospheric conditions using WH2 and CD2 data.
For the WH period, the number of measurements under rain conditions constitutes
26% of the number of measurements under non-rainy conditions. For the CD period, this
value is 15%.
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4. Assessment of the bias and the retrieval error
For the assessment of the bias, we followed the approach used by Cossu, Hocke, and
Mätzler (2015) who ﬁtted the distribution of LWP values in clear-sky conditions with a
single-term Gaussian model. The standard deviation gives the instrument random error
σ and the mean value gives the bias b.
Identiﬁcation of cloud-free periods has been done following the approach by
Mätzler and Morland (2009): situations without clouds have been detected by very low
standard deviation of the retrieved LWP values within a certain period of time. Each of the
data ensembles WH1 and CD1 has been considered as a series of consecutive 1-hour time
periods. For every period, the LWP mean value and the standard deviation have been
calculated. For simplicity, we use designations b and σ for these quantities, since the
lowest values of the quantity σ can be attributed to the random retrieval error and the
corresponding b values can be attributed to the bias. The procedure has been applied to
the results of both retrieval algorithms (PHA and REA). Figure 1 presents 1-hour mean
value of LWP b as a function of corresponding 1-hour RMS variation of LWP σ for two
algorithms and two data ensembles. For the illustrative purposes, we have also marked
the occurrence of cloud-free conditions as detected by the observers during groundbased spectroscopic Fourier-transform infrared (FTIR) measurements of direct solar radiation that have been carried out at St. Petersburg University measurement site [http://www.
ndsc.ncep.noaa.gov/sites/stat_reps/stpetersburg/]. These situations are shown using the
FTIR ﬂag value which is equal to unity when FTIR measurements are performed. As it can
be seen from Figure 1, the majority of FTIR observations actually correspond to the lower
values of σ. The results obtained by PHA exhibit explicit dependence b(σ) for small values
of σ (0.002–0.005 kg m−2) and so, the smallest values of b and σ can be used for derivation
of bias and random error. The results obtained by REA show no dependence of b from σ at
all and lead to the conclusion that the bias of the REA results is unstable and highly
variable. So, it is impossible to estimate it from the REA results only since the cloud-free
situations cannot be identiﬁed from the REA results.
For the assessment of bias and random error of PHA, 300 data points have been
selected from WH1 and CD1 ensembles that correspond to the lowest values of σ (see
Figure 2). We consider that 300 × 1 = 300 hours of observations during cloud-free
periods are enough for derivation of bias and random error. So, the mean values of b
and σ obtained from these 300 data points have been accepted as the estimates of bias
and random error for ensembles WH1 and CD1. Figure 2 demonstrates the overlapping
of data corresponding to two ensembles; however, the range of σ values corresponding
to WH1 ensemble is about 2 times larger than the range of σ corresponding to the CD1
ensemble. The mean of b and σ calculated from 300 values of these quantities has been
taken as the estimates of bias and random error of LWP retrieval.
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Figure 1. 1-hour mean value of LWP b as a function of corresponding 1-hour RMS variation of LWP σ
for physical algorithm PHA (a, b) and regression algorithm REA (c, d). Data ensembles used WH1 (a,
c) and CD1 (b, d). The b data greater than 0.10 kg m−2 and the σ data greater than 0.012 kg m−2 are
not shown. Red crosses designate the presence of synchronous FTIR measurements (FTIR ﬂag equal
to unity), see text for detailed explanation.

After that, we used exactly the same time periods (300 hours total) in order to obtain
the bias and random error of REA. The σ values of REA appeared to be nearly constant;
so, the mean value of σ calculated over all 300 hours was taken as the estimate of
random error. The b and σ values of PHA and σ values of REA are given in Table 3. The b
values of REA are time-dependent and not presented in the Table. The diﬀerence
between the b values obtained for PHA for diﬀerent ensembles can be considered
negligible. Therefore, we adopted the value of b for PHA equal to 0.010 kg m−2 for
the whole 2 years period under analysis. For PHA and REA, σ is equal to 0.001 and
0.005 kg m−2 correspondingly. For the sake of comparison in Table 3, we also presented
the values of bias and random error obtained for diﬀerent ground-based MW instruments and algorithms and reported previously by diﬀerent authors. We note good
agreement between all estimates.
The time dependence of the b values for REA is shown in Figure 3(b). The reason for
such variability is a very large sensitivity of REA to the presence of spurious values in the
input data since the regression scheme is quadratic but not linear. The corresponding
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Figure 2. 1-hour mean value of LWP b as a function of corresponding 1-hour RMS variation of LWP σ
for physical algorithm PHA and for the lowest 300 values of σ. Data ensembles: WH1 (red crosses)
and CD1 (blue dots).
Table 3. The estimations of bias b and random error σ for LWP retrievals taken from diﬀerent
sources.
Reference
This study, PHA

b (kg m−2)

0.009 for ensemble WH1
0.011 for ensemble CD1
This study, REA
Highly variable
Mätzler and Morland (2009)
0.002–0.005
Cossu, Hocke, and Mätzler (2015) 0.01–0.02

σ (kg m−2) or (%)
0.001 at low liquid water contents for both ensembles
0.005 at low liquid water contents for both ensembles
0.001
10–20% for LWP > 0.1 kg m−2

results obtained by PHA do not show any peculiarities (Figure 3(a)). When removing the
bias from the REA data, we used linear interpolation of the estimates shown in Figure 3
(b). For PHA, the constant value 0.010 kg m−2 has been used. One can see from Figure 3
that there are two large time intervals in which no cloud-free days have been identiﬁed
by the ‘minimum standard deviation’ method. These large intervals are 199–288 and
576–690 days since 1 December 2012, 00 hours 00 minutes. Therefore, the results within
these intervals have been analysed specially and it has been found that the results of the
REA exhibited extremely high bias of 0.17 kg m−2 from 261 days until 277 days. The
reason for this anomalous bias was probably multiple instrumental artefacts and all
measurements during 261–277 days have been excluded from further analysis.
Concluding this section, we present the random error of LWP retrieval by PHA estimated from the error matrix calculations σem (‘em’ stands for ‘error matrix’). At the ﬁnal
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Figure 3. The bias of PHA (a) and REA (b) as a function of time. Every data point corresponds to 1hour cloud-free period identiﬁed from the results of PHA.

iteration step of each retrieval by PHA, the combined error matrix was calculated for the
set of unknowns (temperature, pressure, humidity, and liquid water proﬁles). The σem was
obtained from the block of the combined matrix that corresponded to liquid water proﬁle.
It is shown in Figure 4 as a function of LWP value. First, we pay attention to the fact that
maximum variability of σem is observed for the lower values of LWP. The σem values for the
ensemble WH1 and LWP less than 0.1 kg m−2 are in the range of 0.002–0.008 kg m−2. The
similar situation takes place for the ensemble CD1; however, the range of σem is noticeably
smaller: 0.001–0.005 kg m−2. Second, we note that the mean values of σem are comparable
to the estimations made on the basis of analysis of cloud-free periods that was described
above and constitute 0.004 kg m−2 for the WH1 ensemble and 0.003 kg m−2 for the CD1
ensemble. Third, it is clearly seen that the number of LWP retrievals exceeding 0.4 kg m−2
is very small if compared to the results that are lower than this value. This fact is important

Figure 4. The LWP random error of PHA estimated from the error matrix calculations as a function of
retrieved LWP value for the ensemble WH1 (a) and for the ensemble CD1 (b).
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since the value 0.4 kg m−2 has been reported earlier as a threshold LWP between nonrainy and rainy atmosphere (Mätzler 1992).

5. Analysis of the results obtained under rain-free conditions
One can have the general impression of the agreement between the LWP retrieval
results obtained by two algorithms from Figure 5. This scatter plot demonstrates that
● for LWP values greater than about 0.3 kg m−2 for the WH1 ensemble and 0.2 kg m−2

for the CD1 ensemble, the REA results systematically exceed the PHA results;
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● the discrepancy between the results is larger for lower LWP values; and
● there is a certain number of spurious data points with considerable discrepancy

between the results.
The presence of spurious data should be analysed separately for every particular case.
However, one can propose several reasons leading to considerable mismatch. The ﬁrst
reason is the highly variable bias of REA. Moreover, the variation of this bias can be very
rapid in time. The origin of such a behaviour is discussed below. The second possible
reason could be the precipitation events (rain or snowfall) that are not detected by the rain
sensor. As noted by Löhnert and Crewell (2003), light rain can evaporate on its way to the
ground and rain may also be present but may not reach the radiometer due to wind shear.
It should be stressed that the analysis has shown the random character of appearance of
spurious data, for example during the periods May–June 2013 and December 2013–June
2014, the number of spurious data was negligibly small (1–2 data points).
The agreement between the results obtained by two algorithms for low values of
LWP can be demonstrated by comparing the values of cloud fraction (CF). CF is an
important quantity which can be derived from MW LWP observations using the
approach proposed by Cossu, Hocke, and Mätzler (2015). According to this approach,
the clear-sky conditions are ﬁltered out using the criterion,

Figure 5. The scatter plot of LWP values obtained by PHA and REA for the ensembles WH1 (a) and CD1 (b).
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LWPclear <3σ

(5)

where σ is the random retrieval error of minimal LWP values and LWPclear is the
measurement value attributed to clear-sky conditions. The CF value will be
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CF ¼

ðNall  Nclear Þ
Nall

(6)

where Nall is the total number of measurements and Nclear is the number of measurements under cloud-free conditions. Using the σ values for PHA and REA from Table 2, we
have obtained the CF values for the WH1 and CD1 ensembles, see Table 4. We have also
calculated the CF values for REA using the value of ‘measurement noise’ of LWP
retrievals declared by manufacturer as not exceeding 0.002 kg m−2 (the corresponding
threshold is 0.006 kg m−2). First of all, we note that for all thresholds and algorithms, the
CF values for two data ensembles are very close to each other. Second, the CF values
obtained from REA data for threshold 0.015 kg m−2 considerably diﬀer from other CF
values and constitute 0.43. CF less than 0.5 seems too low for St. Petersburg climate
which is characterized by the inﬂuence of the Baltic Sea that results in warm, humid, and
short summers and long, moderately cold wet winters. The CF values obtained by REA
for threshold 0.006 kg m−2 agree well with the values obtained by PHA. These values are
in the range 0.6–0.7. This result looks reasonable since it is in agreement with the global
cloud amount which varies between 0.56 and 0.74 as derived from space-borne measurements with diﬀerent instruments and reported by Stubenrauch et al. (2013). In the
article of Stubenrauch et al. (2013) the deﬁnition of cloud amount (‘the ratio between
the number of samples that contain clouds and the total number of measured samples’)
fully corresponds to the deﬁnition of CF used in the present study.
The comparison of statistical distributions of LWP values is presented in Figure 6 by
two histogram plots. One can see that the number of negative LWP values provided by
REA is much greater than provided by PHA, especially for WH conditions. At the same
time, the number of high positive LWP values provided by REA is greater than provided
by PHA. However, within the LWP range 0–0.4 kg m−2 which is characteristic for the
majority of non-rainy cases, the distributions obtained by two algorithms are very close
to each other.
In Figure 7, we present the mean diﬀerence and the RMS diﬀerence between LWP
values obtained by REA and PHA as a function of time (Δmean = LWPREA − LWPPHA).
Averaging was done over 1 month periods of time. As one can see, no seasonal
dependence of the diﬀerences can be detected. The RMS diﬀerence is about 0.010 kg m−2
and the mean diﬀerence is mainly within the limits from −0.005 to 0.005 kg m−2. The
considerable values of the diﬀerences are detected for 2 months only – October and
November 2014. As it had been mentioned above, this is one of the periods of highly
Table 4. The estimations of cloud fraction (CF) values obtained for diﬀerent data ensembles and for
diﬀerent LWP threshold values used for detection of cloud-free situations.
Algorithm

PHA

Threshold (kg m−2)
Data ensemble

0.003
0.68
0.71

CD1
WH1

REA
0.015
0.43
0.43

0.006
0.60
0.65
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Figure 6. The histogram plot of LWP values obtained by PHA and REA for the ensembles WH1 (a)
and CD1 (b).

Figure 7. The mean Δmean and the root mean square ΔRMS diﬀerence between LWP values obtained
by REA and PHA as a function of time (Δmean = LWPREA − LWPPHA). Averaging was done over
1 month periods of time.

variable bias of REA (see Figure 3). The consequence of such variability is the presence of
multiple errors of bias estimation. In order to illustrate the situation, we present Figure 8
where the results of the LWP retrievals by two algorithms are plotted within the period
15 September 2014–15 October 2014. It is clearly seen that starting from a certain
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moment of time, the numerous considerably negative values of LWP obtained by REA
appeared. The reason is the overestimation of bias for REA.
Concluding this section, we analyse the origin of the considerable sudden changes of
the LWP retrieval bias that were detected for the REA. As it has been mentioned above,
the period 17 August–4 September 2013 was characterized by the considerable bias of
the REA that constituted about 0.17 kg m−2. We selected 4 September 2013 for the
analysis since it was a cloud-free day and the moment of the sudden change of bias
could be easily identiﬁed (at 14:00 UTC). One can see from Figure 9 that the measurements in zenith mode were done with a period of 1–2 s, then there was a break of 106 s
and the measurements were resumed again. During this break, the angular scanning
mode was in operation. After the angular scanning,
● the REA bias of LWP retrieval became lower by 0.16 kg m−2;
● the PHA bias of LWP retrieval became lower by 0.01 kg m−2;
● the values of the integrated water vapour obtained by two algorithms increased by

1 kg m−2;
● noticeable number of retrievals with the quality ﬂag value of ‘1’ appeared what
means that the PHA iteration process did not converge within 12 iterations;
● the brightness temperature values of the channel 22.24 GHz remain unchanged;

Figure 8. The results of the LWP retrievals by two algorithms within the period 15 September
2014–15 October 2014.
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Figure 9. The time chart of the input and output data before and after the moment of sudden change of
the LWP retrieval bias (between the 8th and 114th seconds as counted from the moment 4 September
2013 13:59:50 UTC). Top: LWP values retrieved by PHA and REA. Middle: integrated water vapour
retrieved by PHA and REA (Q) and the retrieval quality ﬂag ‘F’ of PHA. Bottom: brightness temperature
values in 7 so-called ‘humidity channels’ (frequencies are given near the curves).
● the brightness temperature values of the channels 23.24–31.4 GHz exhibited the

synchronous increase by 0.4–1.4°K; and
● the brightness temperature values of the ‘temperature channels’ greater than

50 GHz displayed no systematic change (not shown in ﬁgure).
We attribute the described change in input data (brightness temperatures) to the
instrumental artefact since only channels 2–7 had been aﬀected. The reason for this artefact
has not been identiﬁed; however, one could guess that it occurred in the process of
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switching between measurement modes (from zenith mode to angular scanning and back).
The most important conclusion is that the quadratic REA for LWP retrieval is very sensitive to
such artefacts. The response of REA was 0.17 kg m−2 what means about 40% of the maximal
LWP value for non-rainy atmosphere if it is taken as 0.4 kg m−2. The response of PHA is 17
times lower and constitutes 0.010 kg m−2. The response of the IWV retrieval by REA and PHA
to the instrumental artefact was similar and constituted about 6% of the IWV value.
It should be stressed that such strong instrumental artefact and correspondent REA
bias change were unique. The period corresponding to the improbable bias has been
excluded from statistical analysis. The origin of REA bias variations observed at other
moments of time can be also attributed to instrumental artefacts. Since these variations
are considerably lower, we did not remove the correspondent data from ensembles.

6. Analysis of the results obtained just before and after rain events
It has been shown in the previous section that the response of the physical and regression
algorithms to the artefact in the input data can be noticeably diﬀerent. A period during a
rain and just after the end of a rain can be considered as a situation that produces artefacts
in the input data since the radome of a radiometer is wet and therefore, a radiometer is
functioning in an abnormal regime. So, one can expect that the diﬀerence between the
outputs of REA and PHA will be maximal during a rain and it will become smaller and
smaller after a rain event while water evaporates from the surface of the radome. In this
section, we investigate whether this fact can be used for the accurate estimation of a
radiometer malfunction time after a rain event until all water evaporates from the radome.
The ensembles WH2 and CD2 have been used as a source of LWP data within 4-hour
periods after all rain events that occurred from 1 December 2012 to 30 November 2014.
These 4-hour periods have been divided into time slots of 10 minutes (the total number of
such slots is 24). For every time slot, we have calculated the RMS diﬀerence between the
LWP values obtained by PHA and REA. The number of data points for each time slot was in
the range 1000–3300 which can be considered suﬃcient for statistical estimations. The
results are plotted in Figure 10. As expected, the RMS diﬀerence decreases with time
passed since the end of a rain. For the CD2 ensemble, the RMS diﬀerence becomes
comparable with RMS diﬀerence for non-rainy conditions (taken as 0.015 kg m−2) after
4 hours since the end of a rain. For the WH2 ensemble, 4 hours is not enough to reach
‘non-rainy condition’. After 4 hours, the RMS diﬀerence is still considerably high and
constitutes about 0.1 kg m−2. In order to estimate the time of reaching non-rainy conditions, we have linearly extrapolated the WH2 data from the 7th time slot to 24th time slot
(2–4 hours after a rain event). As it can be seen from Figure 10, the estimated time for the
WH2 ensemble is about 22,000 seconds which is roughly 6 hours.
In order to estimate more accurately the duration of the instrument malfunction
period after a rain event, it is preferable to use more than one criterion or method. Along
with estimation of the RMS diﬀerence between the LWP values obtained by PHA and
REA, we propose to control the quality ﬂag of the PHA that indicates the convergence of
the iteration process. For each 10-minute time slot, we have calculated the so-called
quality factor – the ratio of the number of the retrievals with quality ﬂag equal to 1 (no
convergence of the iterative process) N1 to the total number of retrievals N of the PHA,
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Figure 10. The RMS diﬀerence d between the LWP values obtained by PHA and REA as a function of
time t passed since the end of a rain: 1 – the WH2 ensemble, 2 – the CD2 ensemble. Line 3 shows
the RMS diﬀerence for non-rainy conditions. Line 4 is the extrapolation of the data obtained for the
WH2 ensemble (see text).

fq ¼

N1
N

(7)

The results are presented in Figure 11. One can see that just after end of a rain 50% of
retrievals in the WH2 ensemble and 35% of the retrievals in the CD2 ensemble fail (fq
equal to 0.5 and 0.35 correspondingly). After about 2 hours, the number of unconverged
retrievals becomes less than 20% for both ensembles and continues to decrease permanently. After 4 hours, the quantity of failed retrievals is still about 10%. In order to
estimate the time when unconverged iterations are absent, we linearly extrapolated the
data from the 7th time slot to the 24th time slot (2–4 hours after a rain event). This
extrapolation indicates that after about 5–5.5 hours, one could expect the complete
transfer to the non-rainy conditions.
When removing spurious data after a rain event, two approaches can be used. The
ﬁrst approach is to apply one constant criterion for all rain events that means rejecting
all LWP values within the time period of duration tc after end of a rain. In case of MW
measurements with RPG-HATPRO radiometer at St. Petersburg University measurement
site, the duration tc is recommended to be taken equal to 6 hours since this is the largest
value among all estimations that have been made and described above. The second

Downloaded by [Vladimir Kostsov] at 02:38 24 November 2017

18

V. S. KOSTSOV ET AL.

Figure 11. The quality factor of PHA fq as a function of time t passed since the end of a rain: 1 – for
the WH2 ensemble, 2 – for the CD2 ensemble. Lines 3 and 4 present the linear extrapolation of the
data obtained for the WH2 and the CD2 ensembles correspondingly (see text).

approach is based on simultaneous control of the diﬀerence between the LWP values
obtained by PHA and REA and of the quality factor of the PHA for every single rain
event. The data are rejected until the quality factor approaches zero and the diﬀerence
between the LWP values obtained by PHA and REA approaches the value that is
characteristic for non-rainy conditions. Below, we present one example of the application of both approaches.
Figure 12 presents the time chart of the parameters used for the assessment of the
LWP retrieval quality and rejecting spurious results before and after rain events on 2
August 2013. The 8-hour period of time has been selected on this day. The period starts
just after the end of the ﬁrst rain (the rain sensor ﬂag is stable and equals to zero); this
moment of time is designated by t0. If the general criterion of rejection of all data within
6 hours after a rain is used, all data corresponding to the selected 8-hour period of time
should be rejected since 6 hours after t0, the second rain was already going on.
However, the situation is diﬀerent if we analyse the RMS diﬀerence d between the
LWP values obtained by PHA and REA simultaneously with the quality factor fq. Since
these quantities are highly variable in time, we used the running average value of d
calculated over time slots of 20 minutes and fq is calculated also for these time slots. At
the moment of time t1, the RMS LWP diﬀerence d became lower than the level of d
which is characteristic for non-rainy atmosphere. At the same time, the quality factor
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Figure 12. The time chart of the parameters used for the assessment of the retrieval quality before
and after rain events on 2 August 2013. 1 – the running average (time slot 20 minutes) of the RMS
diﬀerence σ of the LWP values obtained by PHA and REA; 2 – the quality factor fq of the retrievals by
PHA (running time slot 20 minutes); 3 – rain sensor ﬂag fr, 4 – the level of RMS diﬀerence of the LWP
values obtained by PHA and REA as estimated for non-rainy conditions. Dash-dotted blue lines show
speciﬁc moments of time t0–t5 – see text.

became zero. (Below, we omit the words ‘running average’ when talking about d and fq.)
All data within the moments t1 − t2 are valid and can be kept for analysis. It should be
stressed that both criteria showed the appearance of spurious data about half an hour
earlier (t = t2) than the rain sensor indicated the beginning of the second rain (t = t3). At
the moment t4, the second rain stopped and after about half an hour, both criteria
indicated that the data became valid for analysis (t = t5). Concluding this section, we
would like to stress the following.
● In case the combination of d- and fq-criteria is used, there is a good opportunity to

increase considerably the amount of non-spurious data for further analysis.
● The critical moments of time (rejection or approval of data) are detected by both

criteria synchronically and this fact conﬁrms their applicability for data analysis.
● The criteria work well not only for the periods after rain events but also for the
periods just before rain events when the rain sensor does not yet indicate rain but
the data should already be rejected.
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7. Conclusion
The results of LWP retrievals from the MW radiation measurements made by the RPGHATPRO radiometer operating at the measurement site of St. Petersburg University have
been analysed for the time period December 2012–November 2014. The LWP data were
obtained by two diﬀerent and independent algorithms: PHA, based on the inversion of
the radiative transfer equation, and REA, based on multiple radiative transfer modelling.
Four data ensembles have been compiled that describe non-rainy and rainy conditions
for the WH period of observations and for the CD period as well.
Several problems of LWP derivation from ground-based MW measurements have been
considered: (1) the problem of the validation of obtained LWP values; (2) the problem of
error assessment including bias estimation; and (3) the problem of the retrieval quality
assessment and spurious data rejection. The main goal of the investigations was to work
out reliable criteria of the quality of LWP retrievals and to obtain the precise estimations of
the retrieval accuracy for a stand-alone 14-channel MW radiometer on the basis of the
comparison of the LWP values obtained by two diﬀerent and independent retrieval
algorithms. Special attention has been paid to the analysis of the quality of the LWP
retrievals before and after rain events that have been detected by the built-in rain sensor.
The following main results have been obtained.
(1) The identiﬁcation of cloud-free periods of time using the criterion of minimal observed
variations of LWP values can be successfully done using the PHA results. However, this
criterion fails for the results obtained by the REA. As a consequence, the PHA data can
be considered self-suﬃcient for the estimation of bias from cloud-free measurements,
but for REA data, it is necessary to have independent information on cloud-free periods.
(2) The bias of PHA results is very stable and constitutes 0.010 kg m−2. The random
error of the LWP retrieval by PHA has been estimated as 0.001 kg m−2 at low
liquid water contents. The bias of REA results is highly variable. The reason for the
considerable bias change is a very large sensitivity of REA to the presence of
spurious values in the input data (the instrumental artefacts) since the regression
scheme is quadratic, not linear. The random error of the LWP retrieval by REA has
been estimated as 0.005 kg m−2 at low liquid water contents.
(3) The random errors of LWP retrieval by PHA for diﬀerent data ensembles have
been derived also from the error matrix calculations at the ﬁnal iteration step of
each retrieval. The obtained mean values are comparable to the estimations made
on the basis of analysis of cloud-free periods and constitute 0.004 kg m−2 for the
WH period and 0.003 kg m−2 for the CD period.
(4) The comparison of the PHA and REA results for non-rainy conditions has shown that
the RMS diﬀerence is about 0.010 kg m−2 and the mean diﬀerence is mainly within
the limits from −0.005 to 0.005 kg m−2. Within the LWP range 0.0–0.4 kg m−2, which
is characteristic for the majority of non-rainy cases, the statistical distributions of
LWP obtained by two algorithms are very close to each other.
(5) A period during a rain and just after the end of a rain can be considered as a
situation that produces artefacts in the input data since the radome of a radiometer is wet and therefore, a radiometer is functioning in an abnormal regime.
Since the response of the physical and regression algorithms to an artefact in the
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input data can be noticeably diﬀerent, the discrepancy between the outputs of
REA and PHA is maximal during a rain and becomes smaller and smaller after a
rain event while water evaporates from the radome. It has been shown that for
the CD period, the RMS diﬀerence becomes comparable to RMS diﬀerence for
non-rainy conditions on average after 4 hours since the end of a rain. For the WH
period, 4 hours is not enough to reach ‘non-rainy condition’ on average.
(6) Two approaches for data quality control just before and after a rain have been
proposed and tested. The ﬁrst approach is to apply one constant criterion for all
rain events that means rejecting all LWP values within the time period of duration
tc after end of a rain. In case of MW measurements with RPG-HATPRO radiometer
at St. Petersburg University measurement site, the duration tc is recommended to
be taken equal to 6 hours. The second approach is based on simultaneous control
of the diﬀerence between the LWP values obtained by PHA and REA and of the
convergence of the iterative process of the PHA for every single rain event. The
data are rejected until the number of unconverged retrievals within speciﬁc time
period becomes zero and the discrepancy between the LWP values obtained by
PHA and REA becomes comparable to its value that is characteristic for non-rainy
conditions. The second approach works well not only for the periods after rain
events but also for the periods just before rain events when the rain sensor does
not yet indicate rain but the data should already be rejected.
(7) Since the response of the REA to artefacts in the input data is considerably larger
than the response of the PHA and since there are problems with the detection of
cloud-free periods from the data obtained by REA, one can come to the conclusion that the utilization of the PHA is more preferable. However, the combination
of both gives the additional possibility for data quality control.
Finally, summarizing all results and conclusions, we can answer the main question that
has been put in Section 1: yes, it is possible to work out a reliable criteria of the quality
of LWP retrievals and to obtain the precise estimations of the retrieval accuracy for a
stand-alone 14-channel MW radiometer on the basis of the comparison of the LWP
values obtained by two diﬀerent and independent retrieval algorithms.
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