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Microwave radiometers (MWRs) can be useful for the detection of mesoscale phenomena
because they provide thermodynamic profiles in a minute time scale. These profiles are mainly
used in non-precipitation conditions due to degraded accuracy of the MWR measurements in
precipitation. Recently, Radiometrics Corporation used proprietary neural network methods to
retrieve temperature, humidity and liquid profiles from off-zenith (15° elevation) radiometer
observations to provide higher accuracy during precipitation. In this paper, using the
MWR-retrieved temperature and humidity profiles with collocated radiosondes from June
2010 to September 2013 in Wuhan, the impact of precipitation on the MWR measurement
accuracy as well as the effect of off-zenith neural network methods on it is investigated. In
precipitation, the correlation coefficients of the MWR temperature and vapor density profiles
against radiosondes are smaller than those in non-precipitation, and the bias and RMS
against radiosondes also increase, especially around 2 km heights. For the MWR relative
humidity profile, the correlation coefficient in precipitation is obvious smaller than that in
non-precipitation below 4.5 km, and the bias and RMS against radiosondes are clearly larger
above 5.5 km. Moreover, the differences between the precipitation and non-precipitation
cases mostly are statistically significant. Compared with the results of the zenith observation,
the off-zenith observation makes a positive effect on reducing the impact of precipitation on
the accuracy of MWR temperature and vapor density retrievals. On the whole, the MWR
temperature bias and RMS against radiosondes in precipitation are reduced from 3.6 and 4.2 K
to 1.3 and 3.1 K, respectively, and the MWR vapor density bias is also reduced from 1.10 g/m3

to 0.18 g/m3 with the RMS decreasing from 2.90 g/m3 to 1.91 g/m3. The temperature
correlation coefficient between the MWR and radiosonde in precipitation is clearly improved
above 3 km heights, and the temperature bias and RMS are significantly reduced at most
heights. For the MWR vapor density retrievals in precipitation, the correlation coefficient, bias
and RMS against radiosondes are clearly improved above 2 km heights. Additionally, the
off-zenith observations during non-precipitation cases are also better compared to zenith
observations. Therefore, off-zenith observations generally are better than zenith observations.
This could be due to the fact that the off-zenith observations are more representative of the
conditions in which radiosonde observations are also taken.
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1. Introduction

Atmospheric temperature and humidity profiles are signifi-
cant for meteorological research and commonly obtained with
traditional radiosondes, which are launched only twice each day
in operation. Many of the meteorological phenomena occurring
at mesoscale require observations sufficiently close together in
time and space. However, the lack of observations necessary to
define mesoscale systems is a critical meteorological problem.
Ground-based microwave radiometers (MWRs) retrieve the
temperature, humidity and liquid profiles up to 10 km by mea-
suring the radiation intensity at a number of frequency channels
in the microwave spectrum that are dominated by atmo-
spheric water vapor, cloud liquid water and molecular oxygen
emissions. These profiles are available nearly continuously, at
intervals of several minutes (Chan, 2009). The high temporal
resolution is able to resolve detailed mesoscale thermodynamic
and limited microphysical features of various rapidly changing
mesoscale and/or hazardous weather phenomena (Knupp et al.,
2009). In addition, continuous time series of traditional forecast
indices generated fromMWR data can be combined algorithmi-
cally to predict early stage convection hours before it is detected
by widely used electric field mill convective prediction methods
(Madhulatha et al., 2013). Over the past decade MWRs are
installed in many countries and applied in nowcasting convec-
tive activity, data assimilation, and climate studies (Liu et al.,
2009; Chan and Hon, 2011; Cimini et al., 2011; Spänkuch et al.,
2011; Xie et al., 2011; Tang et al., 2012; Cadeddu et al., 2013;
Huang et al., 2013; Madhulatha et al., 2013; Raju et al., 2013;
Venkat Ratnam et al., 2013; Ware et al., 2013).

Continuous MWR measurements can be very useful for
the detection of mesoscale phenomena that require very high
spatial and temporal scales. Twice-daily radiosonde data are
commonly used to generate Stability Indices for lightning,
rain, hail and gusty wind prediction several hours in advance.
However, several hours after launch the radiosonde data
typically become stale and ineffective. In contrast, a MWR
provides continuous thermodynamic soundings from which
continuous Stability Indices can be generated. The resulting
Stability Index time series provide promising new tools for
local high-impact weather forecasting. For example, lightning
prediction of more than 2 h in advance is reported using an
algorithm that combines Stability Index time series
(Madhulatha et al., 2013). Thus, an important MWR perfor-
mance requirement is the capability for accurate upper-air
thermodynamic surveillance in all weather conditions (Ware
et al., 2013). Yet the MWR measurement technology is based
on an indirect measurement and, as such, it is necessary to
know the uncertainty of these measurements, especially in
comparison with radiosonde. It is found in studies that since
the measurement principles of MWRs and radiosonde are
different (volume integral above a fixed location on the
ground for MWRs vs. point measurement of a drifting balloon
for radiosonde), there are biases and spreads of the data
points, but the two data sets typically agree within the
observation error assigned to radiosondes when they are
assimilated into numerical weather models (Ware et al.,
2003, 2013; Knupp et al., 2009; Cimini et al., 2011) and
follow similar trends in the evolution of the temperature and
humidity inside the troposphere (Güldner and Spänkuch,
2001; Chan and Hon, 2011; Madhulatha et al., 2013). Some
studies show that a MWR is mainly suited for continuous
observations in the low troposphere (Liu, 2011; Löhnert and
Maier, 2012), and calibration corrections should be applied to
reduce the system bias between MWR and radiosonde
observations before obtaining the MWR potential benefits
in operational activities (Calpini et al., 2011; Tan et al., 2011;
Güldner, 2013; Sánchez et al., 2013).

Although a MWR has an advantage of high temporal
resolution, it is mainly used in non-precipitation conditions
because the radiometer measurements become less accurate in
the presence of a water film on the outer housing (radome) of
the equipment. Moreover, the radiometer retrieval normally
does not include the scattering and emission/absorption effects
of rain. Recently there are some progress in applying rain-effect
mitigation methods to the radiometer, such as a hydrophobic
radome and forced airflow over the radome surface (Chan,
2009). In addition, the Radiometrics Corporation retrieved
temperature, humidity and liquid profiles from off-zenith (15°
elevation) radiometer observations to provide higher accuracy
during precipitation byminimizing the affect of liquidwater and
ice on the radiometer radome (Cimini et al., 2011; Ware et al.,
2013). In this study, the impact of precipitation on MWR
measurement accuracy is evaluated against radiosonde using a
3 year data set of MWR-retrieved temperature and humidity
profiles with collocated vertical soundings of the atmosphere in
Wuhan, China, and the effect of off-zenith observation on
reducing the impact of precipitation is also explored.

2. Instruments and methods

Wuhan (30.6°N, 114.1°E, 23 m above sea level) is an
operational radiosonde station in central China. A MWR was
installed in Wuhan in June 2010. This paper focuses on the
period from June 2010 to September 2013. The data used in this
paperwere collected by continuousMWRobservations (at about
3-min intervals) and by radiosonde ascents (at 12-h intervals).
The MWR is a Radiometrics MP-3000A unit, which observes
21 K-band (22–30 GHz) and 14 V-band (51–59 GHz) micro-
wave channels at multiple elevation angles, one zenith infrared
(9.6–11.5 μm) channel, and surface temperature, humidity and
pressure sensors (Cimini et al., 2011; Ware et al., 2013). Vertical
retrieval intervals are 50 m from the surface to 500 m, 100 m to
2 km, and 250 m to 10 km. To minimize such errors caused by
liquid water on the MWR antenna radome, the radome is made
hydrophobic to repel liquidwater, and a special blower system is
used to sweep water beads and snow away from the radome
(Chan, 2009). A rain sensor is combinedwith theMWR,which is
used to provide a “Rain Flag” for data that is potentially
contaminated by some liquid water on the radome. The rain
flag data is 0 (Rain = 0) and 1 (Rain = 1) in non-precipitation
and precipitation conditions, respectively.

The MWR receives roughly a picowatt of Planck radiation
emitted by atmospheric oxygen and water vapor molecules
and liquid water, in multiple frequency channels. The
atmosphere is semi-transparent in the K-band and lower
V-band channels during non-precipitation conditions, receiv-
ing emission from the atmosphere in addition to cosmic
background radiation. The microwave, infrared and surface
meteorological observations are automatically converted into
continuous temperature, humidity and liquid profiles using
radiative transfer equations and neural networks. The neural



87G. Xu et al. / Atmospheric Research 140–141 (2014) 85–94
network retrieval method uses historical radiosondes to
characterize states of the atmosphere that commonly occur
at a particular location (Ware et al., 2013). A five-year data
set of historical radiosondes in Wuhan was used for neural
network training.

Heated forced air is commonly used to minimize accumula-
tion of liquidwater on radiometer radomes during precipitation.
However, during heavy precipitation, and in particular in
sub-freezing conditions, it is difficult to prevent accumulation
of liquid water or ice on the radiometer radome. Although
heated forced air can increase evaporation during light precip-
itation, it is relatively ineffective during heavy precipitation and
may increase ice buildup during heavy sleet/snow conditions. In
this study, MWR thermodynamic profiles are retrieved from
zenith and off-zenith observations, respectively. In off-zenith
method, MWR thermodynamic profiles are retrieved from
off-zenith observations only (zenith observations are not
included), in combination with unheated forced air and
proprietary neural network retrieval methods (Cimini et al.,
2011; Ware et al., 2013). The MWR observes at 15° elevation
through vertical sections of the inverted “U” shaped radome that
are more readily cleared of water droplets by gravity than the
horizontal sections observed at zenith. Furthermore, at 15°
elevation, K-band and lower V-band brightness temperatures
are several times larger than those at zenith, further increasing
signal to noise for off-zenith observations. In addition, the MWR
hardware and software include patented rain effect mitigation
methods (Ware et al., 2006).

Radiosondes launched from the Wuhan station are L-band
radio sounding systems, providing vertical pressure, tempera-
ture, relative humidity, dew point temperature, and wind
profiles at 1-s resolution. Two radiosonde soundings were
obtained daily at standard synoptic hours of 00 and 12 UTC.
The radiosonde profiles are used for comparison and validation
of the MWR temperature and humidity profiles.

The MWR temperature and humidity profiles were
retrieved from zenith observations during June 2010 to
April 2013, which are used to compare with collocated
radiosondes to evaluate the impact of precipitation on MWR
measurement accuracy. During April to September in 2013,
the MWR temperature and humidity profiles were retrieved
from zenith and off-zenith (15° elevation) observations,
respectively, and are used to explore the effect of off-zenith
observation on reducing the impact of precipitation on MWR
measurement accuracy. The MWR is calibrated by using
liquid nitrogen in a top-mount target in each season, and the
calibration accuracy is within 0.5 K. Since the radiosondes are
launched twice at 00 and 12 UTC each day and the MWR
profiles are retrieved at about 3-min intervals, only the MWR
Table 1
Comparison of MWR zenith retrievals against radiosondes without considering the

Parameters Rain flag Numbers C

Temperature Rain = 0 94 656 0
Rain = 1 6960 0

Vapor density Rain = 0 94 656 0
Rain = 1 6960 0

Relative humidity Rain = 0 94 656 0
Rain = 1 6960 0
profiles closest in time of 00 and 12 UTC are used for
comparison against the radiosonde ascent. To explore the
MWR measurement accuracy on the whole, the MWR
retrievals are firstly compared with the radiosondes without
considering the level division in altitude, and then the
discrepancy between the MWR retrievals and radiosondes
along the altitude is performed to explore the variation of
MWR measurement accuracy with altitude.

3. Impact of precipitation on MWR retrievals

To evaluate the impact of precipitation on MWR measure-
ment accuracy, we compared the profiles of temperature, vapor
density and relative humidity between theMWRand radiosonde
inWuhan during June 2010 to April 2013. The data set is divided
into two samples of non-precipitation (Rain = 0) and precipi-
tation (Rain = 1) conditions. As shown in Table 1, without
considering the level division in altitude, theMWR temperature
and vapor density profiles have a significant correlationwith
radiosondes in both non-precipitation and precipitation,
with the correlation coefficients above 0.92. The correlation
of relative humidity between the MWR and radiosonde
is reasonable with a correlation coefficient of 0.77 and
0.68 in non-precipitation and precipitation, respectively.
The MWR temperature has a cold bias of −1.9 K against
radiosondes in non-precipitation, however, the MWR tempera-
ture bias becomes warm with 2.1 K in precipitation, and the
root-mean-square (RMS, here means the standard deviation)
between theMWRand radiosonde increases from3.2 K to 5.3 K.
The MWR vapor density has a wet bias against radiosondes,
especially in precipitation. The vapor density bias between
the MWR and radiosonde increases from 0.06 g/m3 in non-
precipitation to 1.31 g/m3 in precipitation, with the correspond-
ing RMS also increasing from 0.30 g/m3 to 2.28 g/m3. It is the
same situation for the MWR relative humidity where the wet
bias of theMWR relative humidity against radiosondes increases
from 7% in non-precipitation to 10% in precipitation, with the
corresponding RMS varying from 21% to 24%. It can be seen that
the discrepancy between theMWR retrievals and radiosondes is
larger in precipitation than in non-precipitation without consid-
ering the level division in altitude.

The discrepancy between the MWR retrievals and radio-
sondes along the altitude during non-precipitation and precip-
itation is also evaluated with the data set in Wuhan from June
2010 to April 2013. As shown in Fig. 1, the temperature
correlation coefficient between the MWR and radiosonde is
clearly smaller in precipitation than in non-precipitation below
8.75 km height, especially around 2 km height the correlation
coefficient decreases from 0.95 to 0.70; however, above 8.75 km
level division in altitude during June 2010 to April 2013 in Wuhan.

orrelation coefficient Bias RMS

.9876 −1.9 K 3.2 K

.9614 2.1 K 5.3 K

.9724 0.06 g/m3 0.30 g/m3

.9250 1.31 g/m3 2.28 g/m3

.7721 7.3% 21.4%

.6752 9.9% 24.3%
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height the precipitation shows no distinct impact on the
temperature correlation coefficient. The MWR temperature
shows a cold bias against radiosondes in non-precipitation,
with a bias varying stably from about 0 K near the surface to −
3.5 K at 10 km height, but in precipitation it is opposite below
8.75 km, the temperature bias increases from 0.5 K near the
surface to 5.9 K at 2.25 kmand then decreases to 0.2 K at 8.5 km
before becoming cold with a value within 1 K. Furthermore, the
temperature RMS between the MWR and radiosonde is
significantly larger in precipitation than in non-precipitation.
The temperature RMS increases from 1.1 K near the surface to
5.2 K at 10 kmheight in non-precipitation, but in precipitation it
increases sharply from 1.0 K near the surface to 7.6 K at 1.8 km
height and then decreases to 4.5 K at 3.5 km height before
increasing again to 6.8 K at 10 km height.

Fig. 2 presents the comparison for vapor density profiles.
It can be seen that the vapor density correlation coefficient
between the MWR and radiosonde decreases with altitude in
both non-precipitation and precipitation. The vapor density
correlation coefficient is smaller in precipitation than in
non-precipitation below 6.25 km, but it is opposite between
6.25 and 9.5 km. In non-precipitation, the MWR vapor
density shows a dry bias against radiosondes below 1.6 km
with a peak of −0.79 g/m3 at 0.8 km height, while above
1.6 km the bias becomes wet with a peak of 0.74 g/m3 at
4.0 km height. However, in precipitation the MWR vapor
Fig. 1. The correlation coefficient, bias and RMS of temperature profiles betwee
precipitation (blue dotted line) in Wuhan from June 2010 to April 2013. The profile
(For interpretation of the references to color in this figure legend, the reader is refe
density shows a wet bias against radiosondes; it increases
sharply from 0.24 g/m3 near the surface to 3.32 g/m3 at
2.0 km height and then decreases to the value of 0.08 g/m3 at
10 km height. Although the precipitation shows no distinct
impact on the MWR vapor density RMS below 0.5 km, the
MWR vapor density RMS is clearly larger in precipitation
than in non-precipitation above 0.5 km. Moreover, in both
precipitation and non-precipitation, the MWR vapor density
RMS varies with altitude in a similar pattern, in which the
RMS firstly increases with altitude and then decreases with
altitude before a maximum appearing at 1.6 km height. Most
of the MWR vapor density RMS in non-precipitation is within
1.0 g/m3 while that in precipitation is within 2.0 g/m3, and
the maximum RMS values appearing at 1.6 km height in
non-precipitation and precipitation are 1.91 and 4.11 g/m3,
respectively.

Humidity measured by radiosondes and retrieved by the
MWR is software-limited to 100% or less. If the raw humidity
values exceed saturation they are truncated to saturation;
this contributes to improved agreement during precipitating
(saturated) conditions. Similar improved agreement during
precipitation is previously reported (Japan Meteorological
Agency, 2008). The comparison for relative humidity profiles
is presented in Fig. 3. As the radiosonde and radiometer
relative humidity profiles are artificially limited to not exceed
100%, differences between the two methods are limited and
n the MWR and radiosonde during non-precipitation (red solid line) and
cases in non-precipitation and precipitation are 1632 and 120, respectively.
rred to the web version of this article.)



Fig. 2. Same as Fig. 1 but for vapor density profiles.
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mixed in precipitating conditions close to saturation. The relative
humidity correlation coefficient between the MWR and radio-
sonde is smaller in precipitation than in non-precipitation below
4.5 km, especially from the surface to 2 km, but the
discrepancy is not distinct above 4.5 km. Excluding a dry
bias of−2.1% at the surface level in non-precipitation, theMWR
relative humidity shows a wet bias against radiosondes in both
non-precipitation and precipitation. In non-precipitation, the
MWR relative humidity bias firstly increases from 0.2% near the
surface to 18.1% at 5.0 km and then decreases to 5.8% at 10 km,
and in precipitation the MWR relative humidity bias increases
with altitude in principle, varying from 0.2% at the surface to
27.4% at 10 km. However, the MWR relative humidity bias is
smaller in precipitation than in non-precipitation below
5.25 km, but it is opposite above 5.25 km and the discrepancy
between them enlarges with altitude. The MWR relative
humidity RMS in non-precipitation increases generally with
altitude, which varies from 9.7% at the surface to 22.7% at 10 km
height with the maximum of 26.4% appearing at 5 km height.
Although the MWR relative humidity RMS in precipitation also
increases with altitude on the whole, a peak of 22.1% appears at
1.5 km height and the maximum of 33.7% appears at 9.0 km
height. Moreover, the MWR relative humidity RMS is larger in
precipitation than in non-precipitation below 1.7 km and above
5.25 km, but the former is smaller than the latter at 1.7–5.25 km
heights.
In addition, excluding the correlation coefficient profiles in
Fig. 2 and the RMS profiles in Fig. 3, the differences of the profiles
in Figs. 1–3 between the precipitation and non-precipitation
cases are at the 0.05 significance level with a t test.

4. Effect of off-zenith observation on MWR retrievals

TheMWRprofiles are retrieved from the simultaneous zenith
and off-zenith observations during May to September 2013 in
Wuhan. To explore the effect of off-zenith observation on MWR
measurement accuracy, the coupled MWR zenith and off-zenith
retrievals around the time of 00 and 12 UTC are compared with
the collocated radiosondes. Table 2 presents the comparison of
MWR zenith and off-zenith retrievals against radiosondes
without considering the level division in altitude. It can be seen
that in non-precipitation the MWR temperature cold bias and
RMS against radiosondes are smaller in off-zenith than in zenith,
and in precipitation theMWR temperaturewarmbias is reduced
from 3.6 K in zenith to 1.3 K in off-zenith, with the RMS also
reducing from 4.2 K to 3.1 K. For vapor density, the MWR bias
against radiosondes in non-precipitation is slightly larger in
off-zenith than in zenith with a very close RMS, and in
precipitation the MWR bias is reduced from 1.10 g/m3 in zenith
to 0.18 g/m3 in off-zenith, with the RMS also reducing from
2.90 g/m3 to 1.91 g/m3. Although the MWR relative humidity
bias against radiosondes in non-precipitation is slightly smaller



Fig. 3. Same as Fig. 1 but for relative humidity profiles.
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in off-zenith than in zenith with a same RMS, the discrepancy of
MWR relative humidity against radiosondes in precipitation
varies from awet bias of 3.9% in zenith to a dry bias of−12.1% in
off-zenith, and the corresponding RMS also increases slightly.
Once again, it should be taken into consideration that radiosonde
and radiometer relative humidities are artificially limited to less
than 100% which may improve agreement between the two
methods during precipitating, saturated conditions. In addition,
the correlation coefficients between the MWR retrievals and
radiosondes in precipitation are larger in off-zenith than in
Table 2
Comparison of MWR zenith and off-zenith retrievals against radiosondes without
Wuhan.

Parameters Rain flag Observation mode Number

Temperature Rain = 0 Zenith 14 500
Rain = 0 Off-zenith 14 500
Rain = 1 Zenith 928
Rain = 1 Off-zenith 928

Vapor Density Rain = 0 Zenith 14 500
Rain = 0 Off-zenith 14 500
Rain = 1 Zenith 928
Rain = 1 Off-zenith 928

Relative Humidity Rain = 0 Zenith 14 500
Rain = 0 Off-zenith 14 500
Rain = 1 Zenith 928
Rain = 1 Off-zenith 928
zenith, especially for vapor density where it increases from 0.91
to 0.97.

The impact of off-zenith observation on MWRmeasurement
accuracy is also explored in considering the level division in
altitude. Fig. 4 presents the comparison of MWR temperature
profiles against radiosondes in zenith and off-zenith observa-
tions during May to September 2013 in Wuhan. It can be seen
that in non-precipitation the temperature correlation coefficient
between the MWR and radiosonde is larger in off-zenith
observation than in zenith observation below 5.5 km and
considering the level division in altitude during May to September 2013 in

s Correlation coefficient Bias RMS

0.9911 −2.4 K 2.8 K
0.9936 −1.1 K 2.1 K
0.9678 3.6 K 4.2 K
0.9831 1.3 K 3.1 K
0.9763 0.12 g/m3 1.62 g/m3

0.9792 0.37 g/m3 1.61 g/m3

0.9069 1.10 g/m3 2.90 g/m3

0.9657 0.18 g/m3 1.91 g/m3

0.7713 7.4% 19.4%
0.7759 6.3% 19.4%
0.5648 3.9% 20.3%
0.6021 −12.1% 22.0%
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above 8.75 km, and it is opposite during 5.5–8.75 km heights.
Although in non-precipitation the MWR temperature bias in
off-zenith observation shows no distinct difference from that in
zenith observation below 2.0 km, the cold temperature bias
above 2.0 km is clearly reduced in off-zenith observation, with
the peak bias varying from −4.7 K to −2.2 K. Moreover, the
MWR temperature RMS in non-precipitation is obviously
smaller in off-zenith compared to zenith observations, which
ranges 1.0–2.6 K and 1.8–3.3 K, respectively. In precipitation, the
temperature correlation coefficient between the MWR and
radiosonde in off-zenith observation is slightly smaller than
that in zenith observation below2.5 km, but the former is clearly
larger than the latter above 2.5 km. The MWR warm tempera-
ture bias in precipitation is also clearly reduced in off-zenith
observation, which varies in −0.2–3.1 K and that for zenith
observation is 1.5–8.3 K. The MWR temperature RMS in
precipitation shows no distinct difference in zenith and
off-zenith observations below 2.5 km, but it is clearly smaller
in off-zenith observation than in zenith observation above
2.5 km, with a peak reducing from 6.8 K to 3.7 K.

As shown in Fig. 5, in non-precipitation the vapor density
correlation coefficient between the MWR and radiosonde in
off-zenith observation shows no distinct difference from that in
zenith observationbelow1.5 km, but the former is slightly larger
than the latter above 1.5 km. For theMWR vapor density bias in
Fig. 4. The correlation coefficient, bias and RMS of temperature profiles between th
line) observations during May to September 2013 in Wuhan. The upper panel is for n
non-precipitation and precipitation are 250 and 16, respectively. (For interpretation
web version of this article.)
non-precipitation, it is wet against radiosondes below 1.0 km
and above 4.0 km but dry at other heights in zenith observation;
in off-zenith observation, the wet bias becomes larger below
1.0 km while smaller above 5.0 km, and the dry bias becomes
smaller at 1.8–2.75 km heights while larger at 2.75–4.0 km
heights, but at the other heights the bias signs in zenith and
off-zenith observations are opposite. Same as the correlation
coefficient, the MWR vapor density RMS in non-precipitation
shows no distinct difference between off-zenith and zenith
observations below 2 km, but above 2 km the MWR vapor
density RMS is smaller in off-zenith observation than in zenith
observation, and it is more obvious at 2–5 km heights. In
precipitation, the vapor density correlation coefficient between
the MWR and radiosonde in off-zenith observation is smaller
than that in zenith observation below 2 km, but the former is
clearly larger than the latter above 2 km, with most values
increasing from below 0.4 to above 0.5. The MWR vapor density
in precipitation mainly shows a dry bias against radiosondes in
zenith observation below1.6 kmwhile awet bias above 1.6 km;
although in off-zenith observation the MWR vapor density bias
sign is opposite to that in zenith observation at most heights,
the bias range is significantly reduced from −2.34–6.04 g/m3

to −1.17–1.42 g/m3. For the MWR vapor density RMS in
precipitation, it is larger in off-zenith observation than in
zenith observation below 1.8 km, but the former is clearly
e MWR and radiosonde in zenith (red solid line) and off-zenith (blue dotted
on-precipitation, and the lower panel is for precipitation. The profile cases in
of the references to color in this figure legend, the reader is referred to the



Fig. 5. Same as Fig. 4 but for vapor density profiles.
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smaller than the latter above 1.8 km especially at 1.8–5.0 km
heights, and the maximum RMS is also reduced from 4.72 g/m3

in zenith observation to 3.14 g/m3 in off-zenith observation.
The comparison of MWR relative humidity profiles against

radiosondes in zenith and off-zenith observations is presented in
Fig. 6. In non-precipitation, except above 7 km, the relative
humidity correlation coefficient between the MWR and radio-
sonde in off-zenith observation is slightly smaller than that in
zenith observation, and the discrepancybetween themshowsno
distinct difference at other heights. For the MWR relative
humidity bias in non-precipitation, it is dry against radiosondes
near the surface but wet at other heights in zenith observation;
while in off-zenith observation, the wet bias increases below
2 km but decreases above 4.75 km, and at the other heights the
bias changes its sign with a close magnitude. Moreover, the
MWR relative humidity bias ranges in −5%–21% in zenith
observation, and in off-zenith observation it is −6%–14%. Same
as the correlation coefficient, theMWR relative humidity RMS in
non-precipitation shows no distinct difference between
off-zenith and zenith observations below 7.5 km, except that
the former is slightly larger than the latter above 7.5 km. In
precipitation, the relative humidity correlation coefficient be-
tween the MWR and radiosonde is smaller in off-zenith
observation than in zenith observation at most heights below
9 km, while it is opposite above 9 km. Note that a negative
correlation coefficient appears at 3 km in zenith observation but
it changes to positive in off-zenith observation. For the MWR
relative humidity bias in precipitation, it is dry against
radiosondes below 1.5 km and at 3.5–5.5 km heights but wet
at the other heights in zenith observation; however, it is dry at
most heights except a little wet around 2.5 km height in
off-zenith observation, and the bias range is −29%–1% smaller
than the range of−12%–31% in zenith observation. Although the
MWRrelative humidity RMS in precipitation is slightly smaller in
off-zenith observation than in zenith observation above 8.5 km,
the former is larger than the latter below 8.5 km especially
at 4–6 km heights.

5. Discussions and conclusions

MWRs can be useful for the detection of mesoscale
phenomena because of its ability to obtain constant continuous
measurements of temperature and humidity profiles. These
profiles aremainly used in non-precipitation conditions because
theMWRmeasurements become less accurate in the presence of
a water film on the radome of the equipment. Recently, there
have been improvements in applying rain-effect mitigation
methods to the radiometer, such as a hydrophobic radome and
forced airflowover the radome surface. In addition, Radiometrics
Corporation retrieved the temperature and humidity profiles
from off-zenith (15° elevation) radiometer observations to
provide higher accuracy during precipitation by minimizing the
affect of liquid water and ice on the radiometer radome.

In this paper, the impact of precipitation on the MWR
measurement accuracy against radiosonde is evaluated using
a 3 year data set of MWR-retrieved temperature and
humidity profiles with collocated radiosondes in Wuhan.
Without considering the level division in altitude, the MWR
retrievals still have reasonable correlation coefficients with
radiosondes in precipitation. However, the MWR retrieval



Fig. 6. Same as Fig. 4 but for relative humidity profiles.
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accuracy against radiosondes in precipitation is not good as
that in non-precipitation, and the absolute biases for the
temperature, vapor density and relative humidity are 2.1 K,
1.31 g/m3 and 10%, with the corresponding RMS errors of
5.3 K, 2.28 g/m3 and 24%, respectively. Considering the level
division in altitude, the MWR temperature is mostly impact-
ed by precipitation around 2 km height compared with the
results in non-precipitation, at which the correlation coeffi-
cient decreases from 0.95 to 0.70 while the absolute bias and
RMS error increase from 1.4 and 2.5 K to 5.9 and 7.6 K,
respectively. The impact of precipitation on the MWR vapor
density is also most obvious around 2 km height, at which
the correlation coefficient, absolute bias and RMS error vary
from 0.91, 0.23 g/m3 and 1.91 g/m3 in non-precipitation to
0.76, 3.32 g/m3 and 4.11 g/m3 in precipitation, respectively.
For the MWR relative humidity, the correlation coefficient
in precipitation is obviously smaller than that in non-
precipitation below 4.5 km, and the absolute bias and RMS
error are clearly larger above 5.5 km. Additionally, the differ-
ences between the precipitation and non-precipitation cases
mostly are statistically significant.

The effect of off-zenith observation on reducing the impact of
precipitation onMWRmeasurement accuracy is explored in this
paper by comparing theMWR retrievals in zenith and off-zenith
observations with collocated radiosondes. Without considering
the level division at altitude, the off-zenith observation makes a
positive effect on reducing the impact of precipitation on the
accuracy of MWR temperature and vapor density retrievals. The
MWR temperature bias against radiosondes is reduced from
3.6 K in zenith observation to 1.3 K in off-zenith observation,
with the RMS error also reducing from 4.2 K to 3.1 K. For the
MWR vapor density, the bias and RMS error are reduced from
1.10 g/m3 and 2.90 g/m3 in zenith observation to 0.18 g/m3 and
1.91 g/m3, respectively. Although the relative humidity correla-
tion coefficient between the MWR and radiosonde is slightly
larger in off-zenith observation than in zenith observation, the
former's bias of −12% is larger than the latter's bias of 4% with
close RMS errors. Considering the level division at altitude, the
temperature correlation coefficient between the MWR and
radiosonde in precipitation conditions is clearly improved in
off-zenith observation above 3 km heights, and the temperature
warm bias against radiosondes is also significantly reduced from
the surface to 10 km with a distinct smaller RMS error above
3 km. For the MWR vapor density retrievals in precipitation, the
correlation coefficient and RMS error against radiosondes are
also improved in off-zenith observation above 2 km, and the bias
is also clearly reduced at most heights. However, the relative
humidity correlation coefficient between the MWR and radio-
sonde in precipitation is only improved in off-zenith observation
around 3 km height, and the relative humidity bias range is just
reduced from−12%–31% to−29%–1% with the RMS error only
reduced above 8.5 km. Additionally, the off-zenith observation
alsomakes a positive effect on theMWRmeasurement accuracy
in non-precipitation conditions, especially for the temperature
and vapor density profiles at most heights, and this result is
better than that given byGüldner (2013), inwhich the off-zenith
observation improves the accuracy of MWR temperature and
vapor density retrievals in the boundary layer.
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Our results suggest that the off-zenith observation makes a
positive effect on reducing the impact of precipitation on the
accuracy of the MWR temperature and vapor density profiles.
The MWR temperature profile retrieved from off-zenith
observation in precipitation has a reasonable accuracy against
radiosondes, which is comparable to the result of zenith
observation in non-precipitation. Moreover, the accuracy of
the MWR vapor density profile retrieved from off-zenith
observation is also generally better than that from zenith
observation in precipitation. However, the effect of off-zenith
observation on reducing the impact of precipitation on the
MWR relative humidity accuracy is not obvious like those for
the MWR temperature and vapor density profiles. Note that
MWR and radiosonde relative humidities are both at a cutoff of
100% in software. Both are likely to saturate when heavy rain
soaks the radiosonde humidity sensor and theMWRbrightness
temperature is augmented by scattering from large hydrome-
teors. This may partly explain the larger differences between
zenith and off-zenith temperature and vapor density retrievals
compared to relative humidity retrievals. Furthermore, the
results also indicate that the off-zenith observations during
non-precipitation cases are better compared with zenith
observations. Therefore, in general off-zenith observations are
better than zenith observations. This could be due to the fact
that the off-zenith observations are more representative of the
conditions in which radiosonde observations are also taken.
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