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Abstract Atmospheric profiles of temperature (T), vapor density (p,), and relative humidity (RH) retrieved
from ground-based microwave radiometer (MWR) measurements are compared with radiosonde soundings
at Wuhan, China. The MWR retrievals were averaged in the £30 min period centered at sounding times of
00 and 12 UTC. A total of 403 and 760 profiles under clear and cloudy skies were selected. Based on the
comparisons, temperature profiles have better consistency than the p, and RH profiles, lower levels are better
than upper levels, and the cloudy are better than the clear-sky profiles. Three cloud types (low, middle,
and high) were identified by matching the infrared radiation thermometer-detected cloud base temperature
to the MWR-retrieved temperature-height profiles. Temperature profile under high cloud has the highest
correlation coefficient (R) and the lowest bias and RMS, but under low cloud is in the opposite direction. The
pv profile under middle cloud has the highest R and the lowest bias but under high cloud has the lowest R,
the largest bias, and RMS. Based on the radiosonde soundings, both clear and cloudy wind speeds and drifting
distances increase with height but increase much faster under clear than cloudy above 4 km. The increased
wind speeds and drifting distances with height have resulted in decreased correlation coefficient and increased
temperature biases and RMSs with height for both clear and cloudy skies. The differences in R, bias, and RMS
between clear and cloudy skies are primarily resulted from their wind speeds and drifting distances.

1. Introduction

Atmospheric water vapor is the most important greenhouse gas in manipulating the Earth radiation budgets
and plays a very crucial role in meteorological, hydrological, and climate systems [Starr and Melfi, 1991].
Numerous efforts have been made to understand the horizontal and vertical distributions of water vapor.
A few sophisticated techniques have been developed to measure the water vapor from ground-based
observations, such as the radiosonde and microwave radiometer (MWR). MWR is a typical passive remote
sensing device and measures brightness temperatures at the frequencies of 22-30GHz and 51-59 GHz
approximately every 3 min. The brightness temperatures measured by the MWR can be used to retrieve
the atmospheric column-integrated water vapor (PWV) and liquid water path (LWP) using a statistical method
[Liljegren et al., 2001].

The advantage of the method is simple and relatively accurate because the relationships between the
opacities and the retrieved PWV and LWP are determined by linear regressions. However, the disadvantage
is that the method needs a large prior data set at specific locations for getting representative retrieval
coefficients [Liljegren et al., 2001]. The data sets used in the method are usually from radiosonde soundings.
One limitation of the method is when moderate and heavy precipitation events happen, the PWV and LWP
retrievals become unreliable due to contamination of rainwater on the sensor covering [Morris et al., 2006].
The retrieval coefficients are calculated using previous monthly data from the site to account for variations
in the underlying parameters over the course of an annual cycle. Although the radiosonde can provide the
fundamental measurements of atmospheric temperature in addition to wind and water vapor profiling,
twice-daily radiosonde data are inadequate for the detection of mesoscale phenomena.

The MWR measures the atmospheric brightness temperature at different frequencies, which is influenced by
atmospheric temperature, humidity, and the presence of hydrometeors. From calibrated brightness
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temperature, the MWR can retrieve temperature, humidity, and liquid profiles up to 10 km at temporal reso-
lutions of 0.5 to 5 min [Solheim et al, 1998; Ware et al,, 2003; L6hnert et al., 2004; Cimini et al., 2006; Chan,
2009]. These profiles are available nearly continuously and can be very useful for the detection of mesoscale
phenomena that require very high spatial and temporal scales [Knupp et al.,, 2009; Madhulatha et al., 2013;
Harikishan et al., 2014]. The accuracy of MWR profiles is compatible with most meteorology applications,
especially in the lower troposphere [Giildner and Spédnkuch, 2001; Hewison, 2007; Chan and Hon, 2011;
Cimini et al., 2011; Ware et al., 2013].

The MWR has become a popular and efficient instrument for remotely sensing the atmospheric temperature
and humidity profiles as well as path-integrated cloud liquid water content in last few decades. MWRs are
operated in many countries for monitoring climate and meteorological phenomena (e.g., nowcasting con-
vective activity, boundary layer meteorology, and clouds) [Spdnkuch et al, 2011; Xie et al, 2011; Cimini
et al, 2013; Cadeddu et al,, 2013; Madhulatha et al., 2013; Raju et al,, 2013; Venkat Ratnam et al., 2013; Ware
et al, 2013; Calheiros and Machado, 2014; Campos et al, 2014; Clements and Oliphant, 2014; Serke et al.,
2014; Xu et al., 2014; Gultepe et al.,, 2015].

The retrieval method normally does not take the scattering and emission/absorption effects of rain into
account. Compared to radiosonde observations, the bias and root-mean-square (RMS) of MWR retrievals
under precipitation are not as small as those during nonprecipitation conditions [Xu et al, 2014]. Note that
the nonprecipitation conditions include clear and cloudy skies, yet few studies report the discrepancies of
MWR retrievals against radiosonde soundings under clear and cloudy skies. In this study, we investigate
the discrepancies of MWR retrievals under clear and cloudy skies using collocated radiosonde soundings
as a ground truth. This paper is organized as follows: Section 2 will briefly describe the instruments, measure-
ments, and retrieval method; section 3 compares the MWR-retrieved atmospheric profiles of temperature
and humidity with collocated radiosonde soundings over Wuhan, China, and discusses the accuracies of
MWR retrievals under clear and cloudy skies; and section 4 summarizes our findings.

2, Data and Methodology

An operational weather station is located at Wuhan, China (30.6°N, 114.1°E, 23 m above sea level). The
radiosonde releases twice daily at 00 and 12 UTC and can provide atmospheric temperature and humidity
profiles, and the wind speed and direction. A Radiometrics MP-3000A MWR has been in operation at this
station since June 2010. This particular MWR observes atmospheric brightness temperatures with a total of
21 K-band (22-30 GHz) and 14 V-band (51-59 GHz) microwave channels at multiple elevation angles, and
atmospheric background or cloud base temperatures at one zenith infrared (9.6-10.5 um) channel [Cimini
et al, 2011; Ware et al., 2013].

To minimize the measurement errors caused by precipitation on the MWR antenna radome, which is made of
hydrophobic material that is transparent to radio waves, a special blower system is used to sweep water beads
and snow away from the radome [Chan, 2009]. A rain sensor equipped with the MWR is used to provide a “Rain
Flag,” which senses whether any liquid water covers the radome during heavy rain events. A Rain Flag of zero
(Rain=0) represents nonprecipitation and a value of one (Rain=1) represents precipitation conditions. A
zenith-looking infrared radiation thermometer (IRT) on the MWR is used to measure atmospheric background
temperature during clear sky and the cloud base temperature during cloudy condition. The cloud base height
(CBH) can then be set to the lowest height where the cloud base temperature from IRT is equal to the MWR-
retrieved temperature profile [Ware et al, 2003]. Clear sky can be distinguished from cloudy (liquid or ice) sky
by the IRT because atmospheric background temperature is lower than ice cloud base temperature, and much
lower than liquid cloud base temperature. If cloud is detected by the IRT and the MWR-retrieved cloud liquid
water path (LWP) is around zero, ice cloud can be deduced. Therefore, the sky condition can be determined
by both the IRT and MWR. A CBH value equal to —1 indicates no CBH (i.e,, clear sky), CBH equal to 0 means
fog or precipitation conditions, and CBH greater than 0 denotes cloudy sky.

The temperature (7), relative humidity (RH), and vapor density (p,) profiles in this study are retrieved from MWR
measurements at zenith direction. The retrieved algorithm developed by the factory can automatically convert
the microwave, infrared, and surface meteorological measurements into temperature, humidity, and liquid
profiles using radiative transfer equations with the aid of neural networks. Five years of historical Wuhan radio-
sondes (downloaded from http://esrl.noaa.gov/raobs) were used to train the neural networks [Durre et al., 2008].
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Four vector neural networks including 26 inputs (8 K-band, 14 V-band microwave channels, an infrared chan-
nel, and 3 surface meteorological channels) and 49 hidden nodes generate 58 output nodes (temperature,
relative humidity, liquid density, and vapor density retrieval heights). Scalar neural networks use the same
input and hidden nodes to generate integrated atmospheric precipitable water vapor (PWV) and LWP
outputs [Ware et al,, 2013]. This iteration process will be stopped when the neural network training change
is less than 0.1%.

The temperature, humidity, and liquid profiles retrieved from MWR observations have a temporal resolution
of 3min, and vertical resolutions of 50 m from the surface to 500 m, 100 m from 500 m to 2 km, and 250 m
from 2 km to 10 km [Ware et al,, 2013; Xu et al., 2014]. Background error covariance analysis shows that retrie-
val information for both temperature and water vapor is highest near ground level, decreases with height,
and is limited above 1 km [Cimini et al., 2011; Ware et al., 2013]. The comparisons between the radiosonde
soundings and MWR retrievals from previous studies demonstrate that accuracies of MWR temperature
and humidity retrievals are equivalent to measurement error assigned to radiosonde soundings during
assimilation in numerical weather models [Giildner and Spéinkuch, 2001].

A ceilometer made by China Huayun Corporation started to operate at Wuhan since December 2012, which can
provide continuous CBHs at a 1 min temporal resolution. For this study, the ceilometer-derived CBHs during the
period December 2012 to December 2013 have been collected and used for validating the IRT-inferred CBHs.
There are a total of 3032 matched samples (1 min) between the ceilometer and IRT measurements under cloudy
conditions with a correlation coefficient of 0.56 and a system bias of —0.55 km. For different levels of clouds, the
CBH biases (IRT-ceilometer) are —0.84, —0.50, and 1.32km, respectively, for low (CBH < 2km), middle
(2km<CBH<7km), and high (CBH > 7 km) clouds. Note that the uncertainties of ceilometer-derived CBHs
are £10% below 1 km and +20% above 1km. The negative biases of IRT CBHs for low and middle clouds are
likely due to the uncertainties of ceilometer observations and IRT retrievals, while for high clouds, the positive
bias is most likely due to the upper limit of 7.5km in ceilometer observations. Based on the comparisons of
CBHs between ceilometer and IRT, we think that the IRT-inferred CBHs are reasonable in this study.

The radiosondes (launched twice daily: 00 and 12 UTC) used in this study are L-band radio sounding systems,
providing vertical pressure, temperature, relative humidity, dew point temperature, and wind profiles ata 1s
temporal resolution. The radiosonde profiles from June 2010 to December 2013 have been collected and
used for validating the MWR-retrieved temperature and humidity profiles. The MWR is calibrated by using
liquid nitrogen in a top mount target in the beginning of each season, and the calibration accuracy is
within 0.5°C.

Based on the IRT-inferred CBHSs, only the MWR profiles under clear (CBH = —1) and cloudy (CBH > 0) skies are
selected in this study (Figure 1g). Since the radiosondes are launched at 00 and 12 UTC, the MWR profiles are
averaged over a 1 h interval centered at 00 and 12 UTC, and the averaged MWR profiles are compared with
the corresponding radiosonde soundings (Figure 1).

Figure 1b shows four temperature profiles retrieved by the MWR and measured by radiosonde under clear
and cloudy skies. The two temperature profiles under clear sky (2 red lines) agree within ~1°C below 2 km,
and deviate above ~4 km. The temperature profiles under cloudy sky agree well up to ~7.5 km and then start
to depart each other. Compared to the radiosonde-measured temperature profiles, the MWR retrievals
cannot capture the temperature inversions due to the coarse vertical resolutions from limited weighting
functions, particularly at upper levels. The vapor density and RH profiles under clear sky shown in
Figures 1d and 1f agree well with soundings under ~1km, and the differences become large above 1km.
Under cloudy-sky condition, both MWR-retrieved and radiosonde-measured vapor density and RH increase
significantly from CBH (~2 km), maintain high within cloud layer and decrease dramatically at cloud top
(~5km) although there are slight differences between two profiles.

These comparisons are encouraging. Therefore, we will provide some statistical comparisons between the
MWR retrievals and radiosonde soundings using long-term observations in this study. Based on available
CBHs from IRT, we will further investigate the MWR retrievals under low, middle, and high clouds. The low
clouds are defined as CBH < 2 km, middle clouds as 2 km <CBH <7 km, and high clouds as CBH > 7 km. The
MWR retrievals for three levels of clouds are also processed and compared with radiosonde soundings,
following the steps in Figure 1.
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Figure 1. A schematic diagram illustrates the selection of cloudy and clear periods for comparison between radiosonde profiles and MWR retrievals. Three blue (red)
vertical lines represent the +30 min cloudy (clear) period centered at the sounding time of 12 (00) UTC. The MWR-retrieved (a) temperature, (c) vapor density, and (e)
relative humidity profiles are first averaged in a 1 h interval centered at the sounding time and then compared with the corresponding radiosonde measured (b)
temperature, (d) vapor density, and (f) relative humidity profiles. (g) Sky conditions are separated into clear and cloudy skies with the cloud base height derived from
IRT equipped on MWR.

Methods used in this study are simply and straightforward, and the correlation coefficients, biases, and
RMSs between the MWR retrievals and the radiosonde measurements for each parameter (e.g., T, p,, and
RH) under different sky conditions and different cloud types are calculated. The discrepancies between
MWR retrievals and radiosonde measurements at different heights are calculated to explore how the
MWR retrievals vary with height. Finally, the impact of wind speeds and drifting distances on the compar-
isons is examined in-depth.

3. Results and Discussions
3.1. Uncertainties of MWR-Retrieved Atmospheric Profiles Under Clear and Cloudy Skies

A total of 403 radiosonde soundings under clear sky and 760 soundings under cloudy sky during the period
June 2010 to December 2013 have been selected to assess the MWR-retrieved atmospheric profiles.
Comparisons between radiosonde soundings and MWR retrievals during both clear-sky and cloudy condi-
tions, and associated statistical results, are presented in Figure 2. For temperature comparisons, their correla-
tion coefficients are greater than 0.85 from the surface up to ~7 km for both clear and cloudy skies but
decrease sharply to 0.35 from ~7km to 10km for clear sky (Figure 2a). Compared to the radiosonde-
measured temperatures, the MWR-retrieved temperatures have negative biases for both clear and cloudy
skies (Figure 2b). The cloudy temperature biases are within —2°C below 7 km and then increase to —3°C at
~10 km, consistent to their correlation coefficients, whereas the clear-sky temperature biases increase from
—2°C at 2km to —6.5°C at 9 km. The RMSs for both clear and cloudy skies monotonically increase from 1°C
at the surface to ~ 5°C at ~ 10 km with slightly large clear-sky RMSs at upper levels.

The atmospheric water vapor comparisons presented in Figures 2d-2f mimic their temperature comparisons,
and the cloudy comparisons outperform the clear-sky comparisons. The correlation coefficients for cloudy
sky decrease linearly from 1 at the surface to 0.5 at 10 km, while those for clear sky are even worse, down
to 0.2 at 10 km. The dry biases at boundary layer for both clear and cloudy skies change to the wet biases
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Figure 2. The correlation coefficients, biases, and RMSs of MWR-retrieved (a-c) temperature, (d-f) vapor density, and (g-i) relative humidity against radiosondes
under clear (red lines) and cloudy (blue lines) skies. A total of 403 clear-sky profiles and 760 cloudy-sky profiles were selected from June 2010 to December 2013.

above 2 km with peaks of ~0.6 gm™> at ~4 km. Note that the wet biases of cloudy sky are relatively larger
than those of clear sky due to its higher water vapor characteristics. As a result, the RMS values of cloudy
sky are consistently higher than those of clear sky from the surface to 10 km (Figure 2f).

The correlation coefficients of RHs for clear and cloudy skies are similar to their corresponding water vapor
coefficients, decreasing monotonically with height but less than 0.8 (Figure 2g). Both clear and cloudy RH
biases increase from ~ 3% at the surface to ~ 15-20% at 4-5 km and then decrease with height. The cloudy
RH biases decrease significantly down to 1% at 9 km, while the clear-sky RH biases remain nearly invariant
~10% from 7 km to 10 km. Contradicting to the variations of water vapor, the RMS values of RH shown in
Figure 2i increase with height monotonically up to ~2 km and 5 km under clear and cloudy skies, respectively,
and then slightly vary around 20% for clear sky and 25% for cloudy sky.

Based on the comparisons in Figure 2, we can draw the following three conclusions: the temperature com-
parisons are better than the water vapor and RH ones; the comparisons at lower levels are better than those
at upper levels; and the cloudy comparisons are better than the clear-sky ones. For the MWR-retrieved tem-
perature profiles, 14 V-band (51-59 GHz) observations are input to the neural networks with more weighting
functions at lower levels which results in finer vertical resolution of MWR retrievals at lower levels than at
upper levels. For the water vapor density retrievals, only eight K-band (21-30 GHz) observations are input
to the neural networks. Thus, their correlation coefficients are lower, and their biases and RMS values are lar-
ger than those of temperature. Since the MWR RH values are derived from the MWR-retrieved temperature
and water vapor density, it is obvious that their correlation coefficients are lower, and their biases and RMS
values are larger than those of temperature and water vapor density.
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Figure 3. Scatterplots for MWR-retrieved (a, d) temperature, (b, e) vapor density, and (c, f) relative humidity against radiosondes under clear (Figures 3a-3c, red dots)
and cloudy (Figures 3d-3f, blue dots) skies. There are a total of 23,374 and 44,080 matched samples under clear and cloudy skies, respectively, from June 2010 to
December 2013.

It is well known that radiosonde humidity has systematic dry bias relative to the Cryogenic Frostpoint
Hygrometer while the temperature has positive bias from solar heating [Vémel et al, 2007; Yoneyama
et al,, 2008; Bian et al,, 2011]. The MWR temperature biases against radiosondes shown in Figure 2b are nega-
tive under both clear and cloudy skies and increase with height, but the cloudy temperature biases are much
smaller than the clear-sky ones above 2 km, presumably due to less solar heating on the radiosonde sensors.
For clear sky, there are more solar heating on the radiosonde sensors, resulting in large positive biases in
radiosonde temperature measurements. Therefore, we conclude that the linearly increased negative tem-
perature biases with height during clear sky are most likely due to the strong solar heating on the radiosonde
sensors at upper levels. In contrast to positive bias in the radiosonde temperature measurements, there is a
dry bias in the water vapor measurements, which possibly results in the positive biases in the MWR-retrieved
water vapor and RH for both clear and cloudy skies.

Figure 3 presents the scatterplots for MWR retrievals against radiosonde measurements with a total of 23,374
and 44,080 matched samples under clear and cloudy skies, respectively, from June 2010 to December 2013.
Figure 3a shows the clear-sky temperature comparison with a correlation coefficient of 0.98, a bias of —3.0°C
and an RMS of —3.4°C, while Figure 3d illustrates the cloudy temperature comparison with a slight higher cor-
relation coefficient of 0.99, and lower bias of —1.5°C and RMS of —2.7°C. These comparisons are consistent
with those in Figure 2, that is, the cloudy temperatures retrieved from MWR agree with the radiosonde
measurements better than the clear-sky ones. The water vapor comparisons are slightly different to the
temperature ones as shown in Figures 3b and 3e. Although the correlation coefficient is higher during cloudy
sky than during clear sky, the cloudy water vapor bias and RMS are larger than the corresponding clear-sky
ones due to the characteristic of much higher water vapor during cloudy conditions as discussed in
Figure 2. As expected, the RH comparisons are much worse than the temperature and water vapor ones
because they derived from the temperature and water vapor.
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Figure 4. The correlation coefficients, biases, and RMSs of MWR retrieved (a—c) temperature, (d—f) vapor density, and (g-i) relative humidity against radiosondes
under low (black lines), middle (blue lines), and high (red lines) clouds. The selected profiles from June 2010 to December 2013 under low, middle, and high
clouds are 139, 274, and 47, respectively.

3.2. Uncertainties of MWR-Retrieved Atmospheric Profiles Under Three Types of Clouds

Matching the IRT-measured cloud base temperatures to the MWR-retrieved temperature profiles, we can
identify and classified clouds into three types (low, middle, and high) with 139, 274, and 47 collocated radio-
sonde soundings. It is important to note that the sum of profiles (460) by these three types of clouds is much
less than the number of the total cloudy profiles (760) because the profiles that have mixed cloud types are
excluded. In other words, all profiles in this section should have a relatively uniformed CBH for each type. As
mentioned above, the definitions of low, middle, and high clouds are CBH < 2km, 2km <CBH<7km and
CBH > 7 km, respectively. Strictly speaking, these definitions are different from previous studies [Dong
et al., 2006; Xi et al., 2010]; however, there are no cloud top measurements so far. Therefore, the current ana-
lyses can only guarantee no clouds below 2 km for middle clouds and no clouds below 7 km for high clouds,
while for low clouds they can be either single layer or multilayer clouds.

Figure 4 is similar to Figure 2 except for three types of clouds. The temperature correlation coefficients shown
in Figure 4a are the highest for middle cloud with values greater than 0.8 and the lowest for high cloud below
8km, while low cloud has the lowest correlation coefficients above 8 km. Figure 4b indicates that the
temperature biases are negative except near surface with positive biases within 1°C. The negative biases of
low cloud range from 0°C at 2-5 km to —5.1°C at 10 km, while the negative biases of middle and high clouds
vary from —0.5°C to —2.7°C. The temperature RMSs of low, middle, and high clouds are close to each other
below 6 km (Figure 4c), while above 6 km they are the largest for low cloud and the smallest for high cloud,
and their maximum RMSs are 5.9, 4.6, and 2.8°C, respectively.

Figures 4d—4f present statistics for the water vapor density. The correlation coefficients are generally highest
for low cloud and lowest for high cloud, their biases change from negative at lower levels to positive at upper

XU ET AL.

MICROWAVE RADIOMETER RETRIEVAL 7



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2015JD023438

levels, and the RMSs increase from the surface to ~2 km and then decrease with height. The peak negative
biases for low, middle, and high clouds are —0.25, —1.01, and —2.05 g/m3 at lower levels, while the positive
biases at upper levels have insignificant differences with the peak values of 0.96, 0.66, and 1.12 g/m3, respec-
tively. In general, the RMSs are the smallest under low cloud and the largest under middle cloud, and the
maximum RMSs for low, middle, and high clouds are 1.47, 2.19, and 1.74 g/m?>, respectively.

As shown in Figure 4g, the correlation coefficients of RHs for three types of clouds are similar to each other,
less than 0.8 except near the surface and at 2-4 km the correlation coefficients of RHs are the lowest for
middle cloud and the highest for high cloud. The biases of RH shown in Figure 4h are mostly positive and
peak at ~5 km except negative above 8 km under middle cloud and below 2 km under high cloud. The max-
imum positive biases of RH for low, middle, and high clouds are 26%, 14%, and 24%, respectively. In general,
the biases of RH are the smallest for middle cloud and the largest for high cloud. Figure 4i indicates that the
RMSs of RH increase with height monotonically up to 5 km and then stay almost constant above their peaks
except a decrease above 8.5 km for low and middle clouds. The RMSs of RH are the smallest for high cloud
and the largest for middle cloud, and the peaks for low, middle, and high clouds are 26%, 26%, and
24%, respectively.

The scatterplots for MWR retrievals against radiosonde soundings under low, middle, and high clouds are
presented in Figure 5. There are a total of 8062, 15,892, and 2726 matched samples under low, middle,
and high clouds from June 2010 to December 2013, respectively. For temperature, high cloud has the highest
correlation coefficient and the lowest bias and RMS, but low cloud is in the opposite direction. For water
vapor density, middle cloud has the highest correlation and the lowest bias, and high cloud has the lowest
correlation coefficient and the largest bias and RMS. This is understandable because high cloud has little
liquid water and the noise level of the MWR measurements is relatively high; thus, the MWR has difficult to
discern noise signal from the MWR measurements when the liquid content is very low. As mentioned above,
the current analyses can only guarantee no clouds below 2 km for middle cloud and no clouds below 7 km for
high cloud. A further work to explore this issue with additional ground-based and satellite-based observa-
tions is warranted. For RH comparisons, they are derived from both temperature and water vapor as dis-
cussed in Figures 2 and 3.

Table 1 summarizes the contribution of each cloud type to the total clouds. The correlations coefficients of
temperature and vapor density are much higher than those of RHs, and the correlation, bias, and RMS of
three parameters from middle cloud are close to those of total cloud. The dry bias from high cloud and
wet bias from low cloud for vapor density are in similar order of magnitude, and their contributions to the
total cloud bias are canceled out. The separation of the cloud types does not help us understand the impact
of clouds on the uncertainties of MWR retrievals significantly due to lack of the cloud top measurements. With
additional cloud top measurements, we can more accurately classify the cloud types and have better infor-
mation about the performance of the MWR for different types of clouds.

3.3. Impact of Wind Speed on MWR Retrievals

Since the MWR retrievals (directly above the surface site) and radiosonde soundings (drifting with wind) may
be different, it is necessary to explore whether the biases between MWR retrievals and radiosonde sounding
measurements associate with wind speed. Figure 6 illustrates the variations of radiosonde balloon drifting
distance and wind speed along height based on a total of 23,374 clear-sky samples and 44,080 cloudy sam-
ples. The wind speeds monotonically increase with height for clear and cloudy skies below 3.5 km but then
start to deviate after that. The wind speeds under clear sky increase from 10m/s at a height of 4km to
52 m/s at a height of 10 km, while those for cloudy sky only increase to 33 m/s at a height of 10 km. As a result,
the drifting distances for cloudy sky increase from 4 km at a height of 4 km to 22 km at a height of 10 km;
however, the maximum drifting distance for clear sky is 32 km at a height of 10 km. Based on the results in
Figure 6, we can conclude that both clear and cloudy wind speeds increase with height, but clear sky wind
speeds increase much faster than cloudy ones above 4 km, and the radiosondes drifting distance is strongly
associated with wind speed.

Combining the findings in Figure 6 with those in Figure 2, we can conclude that the decreased correlation
coefficients and increased temperature biases and RMSs with height for both clear and cloudy skies are
strongly associated with the increased wind speeds and drifted distances. The differences in correlation
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Figure 5. Scatterplots for MWR-retrieved (a, d, and g) temperature, (b, e, and h) vapor density, and (c, f, and i) relative humidity against radiosondes under low
(Figures 5g-5i, black dots), middle (Figures 5d-5f, blue dots), and high (Figures 5a-5c, red dots) clouds. There are a total of 8062, 15,892, and 2726 samples under
low, middle, and high clouds, respectively, from June 2010 to December 2013.

coefficient, bias, and RMS between clear and cloudy skies are primarily resulted from their corresponding
wind speeds and drifting distances. As the radiosondes drift farther away from the ground-based MWR at
higher levels, the differences between the MWR retrievals and radiosonde soundings become large because
they are not measuring the same atmospheric parameter. The differences may be larger for atmospheric
water vapor and RH for heterogeneous atmosphere at upper levels.

Table 1. Comparison of MWR Retrievals Against Radiosondes Under Clear and Cloudy Skies As Well As Low, Middle, and

High Clouds?
Parameters Sky Conditions Number of Samples Correlation Coefficient Bias RMS
Temperature Clear 23,374 0.9885 —3.0°C 3.4°C
Cloudy 44,080 0.9907 —1.5°C 2.7°C
High cloud 2,726 0.9953 —1.3°C 1.8°C
Middle cloud 15,892 0.9922 —1.5°C 2.5°C
Low cloud 8,062 0.9848 —1.7°C 3.1°C
Vapor density Clear 23,374 0.9387 —-004g/m>  1.08g/m>
Cloudy 44,080 0.9805 009g/m®>  134g/m>
High cloud 2,726 0.9788 —032g/m®>  153g/m>
Middle cloud 15,892 09816 007g/m>  149g/m>
Low cloud 8,062 0.9795 0.25 g/m3 0.92 g/m3
Relative humidity Clear 23,374 0.7045 8% 20%
Cloudy 44,080 0.7653 8% 21%
High cloud 2,726 0.7858 6% 19%
Middle cloud 15,892 0.7309 7% 21%
Low cloud 8,062 0.8304 10% 20%

9A total of 403 clear-sky and 760 cloudy-sky profiles has been selected from June 2010 to December 2013, and the
selected profiles under low, middle, and high clouds are 139, 274, and 47, respectively. Each profile has 58 data points.
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Figure 6. The variations of radiosonde balloon drifting distances and wind speeds along height based on a total 23,374
clear-sky samples and 44,080 cloudy samples.

4. Conclusions

The MWR-retrieved atmospheric temperature, vapor density, and relative humidity profiles under clear and
cloudy skies have been compared with the collocated radiosonde sounding measurements at Wuhan from
June 2010 to December 2013. Furthermore, the low, middle, and high clouds have been classified and com-
pared with radiosonde measurements. A total of 403 profiles under clear sky and 760 profiles under cloudy
sky have been selected in this study. Finally, we investigate the impact of wind speeds on the MWR retrievals.
Based on the comprehensive study, we draw the following conclusions:

1.

Based on the comparisons between the MWR retrievals and radiosonde sounding measurements, we draw
the following three conclusions: (a) the temperature comparisons are better than the water vapor and RH
ones due to more weighting functions used in MWR temperature retrievals and short drifting distance of
radiosondes, (b) the comparisons at lower levels are better than those at upper levels because more weight-
ing functions at lower levels; and (c) the cloudy comparisons are better than the clear-sky ones due to less
solar heating on the radiosonde sensors and short drifting distance of radiosondes during cloudy than during
clear sky. The decreased correlation coefficients and increased temperature biases and RMSs with height for
both clear and cloudy skies are strongly associated with the increased wind speeds and drifted distances.

2. Three types of clouds (low, middle, and high) with 139, 274, and 47 profiles, respectively, are identified

and compared with collocated radiosonde soundings to investigate the uncertainties of the MWR retrie-
vals. For temperature comparisons, high cloud has the highest correlation coefficient and the lowest bias
and RMS, but low cloud is in the opposite direction. For water vapor density comparisons, middle cloud
has the highest correlation and the lowest bias, and high cloud has the lowest correlation coefficient
and the largest bias and RMS.

Based on a total of 23,374 clear-sky samples and 44,080 cloudy samples, we conclude that both clear and
cloudy wind speeds increase with heights, but clear-sky wind speeds increase much faster than cloudy
ones above 4km, and the radiosonde drifting distance is strongly associated with corresponding wind
speed. For the impact of wind speeds on the MWR retrievals, we conclude that the decreased correlation
coefficients and increased temperature biases and RMSs with height for both clear and cloudy skies are
strongly associated with the increased wind speeds and drifted distances. The differences in correlation
coefficient, bias, and RMS between clear and cloudy skies are primarily resulted from their corresponding
wind speeds and drifting distances.
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