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Abstract: Conventional radiosondes can be used to measure the relative humidity over liquid
(RHL) by assuming a saturated vapor pressure over the liquid. However, this assumption results
in significant errors with respect to measurements in the upper troposphere, where the effect of
ice is dominant. Therefore, this study presents a novel method that considers the effects of ice to
determine the relative humidity from radiosonde RHL data for the last 40 years (1979-2018) over
the upper layers of the Korean peninsula. Even though the relative humidity obtained from the
reanalysis data was significantly different from the radiosonde-based RHL, the difference was much
reduced when relative humidity was calculated using the novel method proposed in this study.
Such improvements in the estimated relative humidity could be attributed to the consideration of
the ice effect at temperatures above freezing level. Additionally, the validity of the relative humidity
estimated in this study was established based on a two-week case analysis of data from Boseong
station. Furthermore, two peak relative humidity modes for the lower and upper layers were clearly
identified in the mean climatology profiles, which indirectly suggested the absence of mid-level
clouds around the 700-hPa level and 500-hPa level in winter and summer, respectively. This study is
meaningful as it is the first study to determine the relative humidity distribution over the Korean
peninsula using radiosonde observations. The scientific value obtained can potentially be expanded
by applying the proposed method to other radiosonde observation networks, which are widely
distributed worldwide.
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1. Introduction

Relative humidity is a variable used to describe the amount of moisture in the atmosphere, and it
is defined as the ratio of vapor pressure to saturation vapor pressure (es). As the Clausius-Clapeyron
equation is normally used to determine eg, the relative humidity is affected by both temperature and
moisture levels. Balloon-based radiosonde (or rawinsonde) sounding is an in-situ relative humidity profile
measurement technique extensively used worldwide. Typically, to improve forecasting performance,
radiosonde data are used to assimilate and validate numerical weather prediction models [1-3] and to
monitor long-term climate changes in the atmosphere [4,5]. Additionally, radiosonde observations have
been widely used to validate data of relative humidity products from infrared and microwave remote
sensing measurements [6-9]. Furthermore, radiosonde soundings have also been used as reference profiles
for radiative transfer models or ideal numerical model simulations [10,11]. The radiosonde soundings
can be directly compared with aircraft-based and dropsonde in-situ observations [12,13]. Since the
radiosonde data are used as core observation in various observation campaigns, such as the Atmospheric
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Radiation Measurement (ARM) [14], the Global Climate Observing System (GCOS) Reference Upper-Air
Network (GRUAN) [15], Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere Response
Experiment (TOGA COARE) [16], Tropical Rainfall Measuring Mission Large-scale Biosphere-Atmosphere
(TRMM-LBA) [17], Southern China Monsoon Rainfall Experiment (SCMREX) [18], research can be further
expanded through synergy with other datasets during field observations.

Conventional radiosonde sensors measure the relative humidity with respect to liquid (RHL) by
assuming the saturation vapor pressure above the liquid (e5). However, radiosonde observations in
the upper troposphere can be significantly influenced by the surrounding environment, where ice is
dominant. In particular, it is not physically appropriate to use the radiosonde RHL data measured
at temperatures below —40 °C, at which the existence of supercooled liquid water is unexpected.
Moreover, it is unreasonable to always calculate the relative humidity with respect to ice (RHI) at
temperatures below 0 °C using the saturation vapor pressure over ice because there is a mixed-phase
zone between —40 and 0 °C, wherein liquid and ice coexist. Therefore, the results of RHI studies
using conventional radiosonde measurements were limited, such as in Polar areas [19,20] and cirrus
clouds [21] that ice water is dominant.

Radiosonde RHL observations can be used to validate relative humidity data from numerical
weather forecasting models. However, in these models, relative humidity is usually calculated by
considering the mixed liquid and ice state. Therefore, if the relative humidity of the model is evaluated
using the radiosonde RHL data, the model will exhibit a moisture bias in the upper troposphere,
because RHI is always greater than RHL. To overcome this setback, the RHL data of the model can be
compared to those obtained from radiosonde observations [22]. However, since several studies based
on radiosonde or dropsonde soundings have reported the moist bias of models or dry bias of sondes,
their validation methods are strongly suspected to have fundamental problems [23-31] resulting
from an unfair comparison. Previous studies have also reported the correction of RHL dry bias of
conventional radiosondes using an advanced sensor such as a cryogenic frost point hygrometer [32-34].
However, data from such sensors are based on special observations, and they are extremely limited
regarding distribution and time. For example, Fujiwara et al. [35] used only 111 soundings of frost point
hygrometer data over the tropics to analyze the period of 1993-2009. The characteristics of upper-level
humidity in the Korean peninsula have not been properly understood because observation-based RHI
measurements have been unavailable for that area.

Therefore, the main objective of this study is to understand the climatology of humidity profiles
over the Korean peninsula using radiosonde observations in combination with reanalysis data,
especially in the mixed-phase zone wherein liquid and ice coexist. For this purpose, we developed
a method to estimate realistic relative humidity within the mixed-phase zone using conventional
radiosonde-based RHL data. The mixed zone is the atmospheric layer with the most uncertainty in
numerical weather forecasting models [36-38]. Therefore, the radiosonde-based relative humidity
estimated in this study is expected to provide a deeper understanding of the mechanisms of cloud
formation and precipitation [39,40], along with cloud dynamics related to ascending/descending
motion and riming process related to the growth of ice particles. In particular, if this study is combined
with ground-based or satellite-based cloud radar and lidar measurements, such as in [21,41,42], it could
greatly contribute to understanding the cloud processes. This study also has significance for the
evaluation of reanalysis humidity data using conventional radiosonde observations.

2. Data

The radiosonde database of the University of Wyoming, which is one of the most popular datasets
worldwide, was used in this study to obtain radiosonde data over a period of 40 years (1979-2018).
The data used included temperature and RHL profiles, and the total number of soundings was 205,133.
Figure 1 shows the locations of the stations from which the radiosondes were launched at least once
over the Korean peninsula, as well as the surrounding regions, including Japan. The nine stations
marked with red squares indicate representative stations at which the soundings were performed
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over 1000 times. The soundings were obtained most frequently at the Osan station, followed by
the Gwangju, Fukuoka, Pohang, Gosan, Baengnyeongdo, Sokcho, Heuksando, and Paju stations
(Table 1). Among these stations, Osan and Gwangju stations had been operated by the United States
Air Force and were characterized by regular observations performed four times a day (i.e., at 6-h
intervals), thereby being distinguished from other stations using the conventional interval of 12 h.
The use of long-term observations from multiple sources (different manufactures and sensors) could
generate potential uncertainty in this study. The 1524LA sensor made by the Jinyang (South Korea)
has been used most popularly for Osan and Gwangju stations operated by the Air Force, while the
Korea Meteorological Administration (KMA) stations have mostly used the Jinyang 1524L before 1997,
Vaisala (Finland) RS80 for 1997-2007, Vaisala RS92 (-SGP) for 2008-2011, Graw (Germany) DFM-06
for 2007-2012, Jinyang RSG-20A after 2011. Thus, the Jinyang 1524 sensors accounts for the largest
portion of the data for the total 40-year period. Note that the use of old-version sensor may affect
the quality of data [34,43]. For example, the Vaisaia RS80 sensor had issues with icing whereas the
later version (RS92) relied on an alternate-heating method of the sensors to ensure that ice never built
up and actual liquid water was measured by the radiosonde [33]. The comparison of total column
water vapor with the Global Positioning System (GPS) observations showed the root mean square
errors (RMSEs) of 2.09 mm for the Vaisaia RS92, 2.46 mm for the Vaisaia RS80, 2.81 mm for the Graw
DFM-06 at the Sockho station over Korea [44]. Similarly, the comparison results in the water vapor
column between the GPS and radiosonde observations at the Osan station (Jinyang 1524) showed
better agreement (about 30% or more lower bias) compared with those in the Jeju station (Vaisala
RS80), although dry bias is found in both of the sensors [45]. Recent results using the Vaisala RS92 and
Jinyang RSG-20A at the Sockho station [46] exhibited much lower bias and RMSE compared with [44],
while it depends on the mean temperature equation used in the GPS retrieval algorithm. Furthermore,
because radiosonde-mounted balloons have the tendency to drift up to a maximum of 75 km at a
300-hPa pressure level depending on the surrounding wind velocity [47], continuous vertical sounding
from a fixed location cannot be guaranteed. Nevertheless, we assumed that most errors resulting from
sensors and spatial displacement were smoothed out via long-term averaging of radiosonde data.
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Figure 1. Location of radiosonde stations over Korea (gray contours represent topography and the red
squares indicate stations from which over 1000 soundings were conducted).
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Table 1. Information on radiosonde sites.

40f 14

Index Code Station Name Location Information Number of Soundings
1 RKSO Osan 37.10° N, 127.03° E, 52 m 50,303
2 RKJJ Gwangju 35.12° N, 126.82° E, 13 m 40,584
3 47807 Fukuoka 33.58° N, 130.38° E, 15 m 33,769
4 47138 Pohang 36.03° N, 129.38° E, 6 m 28,629
5 47185 Gosan 33.29° N, 126.16° E, 73 m 20,714
6 47102 Baengnyeongdo 37.97° N, 124.63° E, 158 m 13,631
7 47090 Sokcho 38.25° N, 128.56° E, 18 m 10,743
8 47169 Heuksando 34.69° N, 125.45° E, 69 m 3843
9 RKSB Paju 37.87° N, 126.80° E, 10 m 2381
10 JccX Sea 35.00° N, 124.00° E, 0 m 133
11 UWEC Sea 38.90° N, 131.00° E, 0 m 79
12 UUPB Sea 33.80° N, 128.90° E, 0 m 57
13 JBOA Sea 33.00° N, 128.20° E, 0 m 56
14 JIVB Sea 35.60° N, 130.60° E, 0 m 36
15 RKTU Gimpo 36.70° N, 127.50° E, 58 m 26
16 47132 Daejeon 36.33° N, 127.38° E, 64 m 21
17 EREI Sea 33.80° N, 129.00° E, 0 m 21
18 RKNN Gangneung 37.75° N, 128.94° E, 6 m 17
19 47131 Cheongju 36.63° N, 127.43° E, 59 m 17
20 EREB Sea 35.30° N, 130.00° E, 0 m 15
21 RKNH Hoengsong 37.43° N, 127.94° E, 101 m 13
22 RKSS Gimpo 37.54° N, 126.80° E, 18 m 11
23 47141 Gunsan 35.92° N, 126.62° E, 10 m 8
24 47139 Pohang?2 35.98° N, 129.42° E, 20 m 5
25 47101 Chuncheon 37.90° N, 127.74° E, 78 m 4
26 RKJY Yeosu 34.84° N, 127.62° E, 21 m 4
27 RKSM Seongnam 37.43° N, 127.11° E, 20 m 3
28 RKTN Daegu 35.88° N, 128.64° E, 37 m 2
29 RKPK Kimhae 35.18° N, 128.92° E, 6 m 2
30 47104 Bukgangneung 37.88° N, 127.72° E, 76 m 1
31 UAAQ Sea 35.60° N, 130.30° E, 0 m 1
32 47154 Busan 35.17° N, 129.13° E, 2 m 1
33 RKPS Sacheon 35.08° N, 128.08° E, 8 m 1
34 RBOA Sea 33.40° N, 128.40° E, 0 m 1
35 47187 Moseulpo 33.20° N, 126.27° E, 13 m 1

Liquid water content (LWC) and ice water content (IWC) profiles were obtained from the
European Centre for Medium Range Weather Forecasts (ECMWF) ERA-Interim (ERAI) [1], and new
high-resolution ERA5 [48] reanalysis data were used. ECMWF Reanalysis 5 (ERA5) is a new ECMWEF
reanalysis dataset that replaced the conventional ERAI data, and it presents improvement with respect
to data assimilation, ancillary inputs, vertical levels (60 to 137 levels), horizontal grid (79 to 31 km),
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and temporal resolution (6 to 1 h). In this study, monthly mean temperature, relative humidity, LWC,
and IWC profiles for 27 vertical pressure levels (100-1000 hPa) from ERAI and ERA5 data were used
over the study domain, as shown in Figure 1. The relative humidity of the reanalysis data represents
realistic humidity because model considers a mixture of RHL and RHI. To fairly compare the reanalysis
data-based RHL with that obtained from the radiosonde observations, temperature and specific
humidity data collected at 6-h intervals were also used to calculate the reanalysis data-based RHL.

As a case analysis, this study used raw data from radiosonde observations (Vaisala RS92 and
RS92-SGP) collected at 3-h intervals at Boseong station (34.7633° N, 127.3123° E), between 06:00 UTC
2 July 2018 and 09:00 UTC 17 July 2018. The corresponding observation case was selected based on
continuous observations with relatively high temporal resolution (3 h). The raw radiosonde data
presented a high vertical resolution, with 0.01 km intervals for a 0-17 km range. The cloud fraction
and cloud (liquid + ice) water content profiles from the ECMWF reanalysis datasets were further used
with the same 3-h intervals.

3. Method

There are several formulas to determine saturation vapor pressure over liquid (eg)) and over
ice (es). Therefore, different values might be obtained for these parameters. However, this is not the
issue addressed here. This study uses the formulas for eg] and eg; suggested by [49], which has been
operationally used in ECMWEF reanalyses [1,50]. The calculations were conducted using a hybrid
method (suggested by [49]) that combines e and eg; to calculate es in a mixed temperature zone
between —23 and 0 °C (eg; above 0 °C and eg; below —23 °C were used).

As shown in Figure 2, at temperatures below 0 °C, eg; is always smaller than ey}, and their ratio
(eg1/esj) increases linearly as the temperature decreases. For instance, the eg)/eg; ratio increased from
121% at —20 °C to 146% at —40 °C. Given that e was used as the denominator in the calculation of
relative humidity; this difference was directly associated with the uncertainty of relative humidity.
Figure 2b shows the monthly climatology of the ERAI ratio of LWC to the total water content (i.e.,
liquid water fraction) over Korea. Between winter and summer (June-August), the liquid water
fraction clearly increased, owing to the temperature rise. In summer, the liquid water fraction was
approximately 50% at approximately 500 hPa because the difference between ey and eg at =1 °C is
only 0.1%, as shown in Figure 2a. The realistic expression of relative humidity was almost possible
despite the use of eg for the corresponding layer. However, RHL no longer represents a realistic state
because in summer the liquid water fraction is only 10% at pressures lower than 400 hPa, and in winter,
when the temperature drops, the uncertainty of RHL increases even more owing to the decrease in the
liquid water fraction.
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Figure 2. (a) Saturation vapor pressures over liquid and ice (eq and eg;). (b) Monthly climatology
for Table 1. RHL was applied for temperatures > 0 °C (Equation (2)), whereas RHI was used for
temperatures < —23 °C (Equation (3)). For temperatures between —23 °C and 0 °C, Equation (4) was
used to estimate relative humidity.
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Even though the RHI equation was applied for temperature (T) < —23 °C, the RHL error at
the upper layer, which presents a temperature below —23 °C, was inevitably large because the raw
radiosonde observation RHL data were derived by assuming saturated vapor pressure over liquid
water. Furthermore, regarding the measurement uncertainty, radiosondes generally record RHL in
units of 1%. Therefore, the error can be large because relative humidity is mostly determined using
temperature data only. Lastly, an empirical correction (for temperatures below 0 °C) was performed
based on a linear-regression analysis between monthly liquid water fraction (LWF) profiles and the
difference between ERAI- and radiosonde-based relative humidity (Equation (6)). This correction
further improves the determination of the radiosonde-based relative humidity. Here, we did not allow
more than 100% relative humidity. If the supersaturated air is considered in the future study, it would
be beneficial to understand the complex cloud process. In conclusion, the equations used to estimate
relative humidity (RH) were as follows:

e = eg X RHL/100 1)
es(T) = eq(T) = 6.114exp[17.502 X (T —273.16) /(T —32.19)], T > 273.16 K @)
es(T) = eq(T) = 6.114exp[22.587 x (T —273.16) /(T +0.7)], T < —23+273.16K 3)

es(T) = eg(T) + [eg1(T) — esi (T)] X [(T +23 - 273.16) /23]%, =23 +273.16 K < T < 273.16 K  (4)
RH = e/es X 100 (%) (5)
RHpew = RH X (1.10870 — 0.000603942 x LWF), T < 273.16 K (6)

There are two main assumptions in this approach. The first one is the combination method
between ey and eg; in the mixed phased zone proposed by [49], especially for the cut off at =23 °C.
The e; in the actual situation may not be elaborately expressed in Equation (4), and thus it can
cause the overestimation or underestimation of RH. Second is the empirical correction based on the
climatological relationship between LWF and the RH difference. These assumptions can lead to some
errors. For example, real cloud conditions may differ from the obtained values when liquid clouds rise
upward owing to deep convection, or when ice clouds descend to lower layers owing to the strong
downdraft and cold air inflow in the upper layers. The former and latter phenomena can lead to the
underestimation and overestimation of relative humidity, respectively. Nevertheless, the results are
meaningful as this is a novel research on this topic because it is one of the first extensive studies to
look at the relative humidity over the Korean peninsula and provides a moisture climatology using
the conventional radiosonde observations. Note that dry bias correction was not performed in this
study owing to the radiative heating during the daytime [34,51-53] and characteristics of polymeric
thin-film humidity sensor itself [54,55], and thus this issue may have a significant effect on the results
of the study. If the radiosonde measurements were actually observed in the dry-bias situation the RHI
enhancement attempted in this study may be somewhat excessive.

4. Results

In Figure 3, the temperature, RHL, and relative humidity profiles of ERAI and radiosonde datasets
are compared. With respect to temperature, both datasets showed typical patterns in which the
temperature in the upper layers rises in summer and drops in winter (Figure 3a,b). In both datasets,
the tropopause presented the lowest temperature pattern. Considering the consistency of the two
temperature datasets, the bias and RMSE were —0.12 and 0.45 °C, respectively, for all atmospheric
layers. Particularly, the mean bias was observed at a level of 0.1 °C, which is the measurement unit
of radiosondes. In summer, the freezing and —40 °C levels (supercooled liquid water cannot exist
above the —40 °C level) were approximately 500 and 250 hPa, and in winter, they both dropped to 700
and 350 hPa, respectively. The temperature difference between the two datasets was small, indicating
that it cannot explain large relative humidity discrepancies between radiosonde and reanalysis data
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(shown in Figure 3f,i). However, the negative bias was mostly at altitudes of 200-700 hPa in regions
of significant cloud cover (Figure 3c). The thermodynamic processes within clouds represented by
the reanalysis products might be leading to this potential cold bias and may be worth exploring in
future research.

A common characteristic of both ERAI and radiosonde datasets is that they presented a large RHL
value in summer (Figure 3d,e). Furthermore, the consistency of the ERAI- and radiosonde-based RHL
values was remarkably high in the middle to low troposphere. In the ERAI dataset, the maximum
altitude for RHL above 40% was approximately 200 hPa, whereas in the radiosonde dataset, it was
limited to 350 hPa, thereby indicating that the radiosonde dataset consistently underestimates RHL
for those levels. This feature was reversed, resulting in the overestimation of the radiosonde RHL
value above the 200-hPa level. These are clearly shown in the difference of RHL between the two
datasets (Figure 3f). However, the reliability of the RHL observed at temperatures below —40 °C was
likely inaccurate in connection with the problems presented in previous study [34,48-52]. Moreover,
the radiosonde RHL measurements were slightly higher than those obtained from the ERAI dataset at
altitudes corresponding to 400-800 hPa in the cold seasons (Figure 3f). However, the higher near-surface
RHL values in the ERAI during the cold seasons compared with that in the radiosonde (Figure 3f) are
interpreted as the results of artificial extrapolation of the ERAI to the 1000 hPa level over the land
area in addition to the contrast between ocean and land (i.e., more humid condition over the ocean).
The bias of the ERAI-based RHL was 1.28% and its RMSE was 4.27% compared to the radiosonde-based
RHL for the temperature range from —40 °C to 0 °C, while the ERA5-based RHL showed a bias of
0.07% and an RMSE of 4.83%. The ERAS5 temperature data also showed lower simulation performance
compared to the ERAI temperature data (bias = —0.20 °C, and RMSE = 1.61 °C). The fundamental
cause of this lower performance is still unclear, but it possibly resulted from a regional characteristic
specific to the Korean peninsula. Therefore, the climatological analyses in this study were mainly
performed using the ERAI data.

ERAI Radiosonde ERAI - Radiosonde
(a) Temperature K] (b) Temperature K] (c) Temperature K]
- 0.6

Pressure [hPa]

N
]
g
Pressure [hPa]

T
»
3
g
Pressure [hPa]

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 a4 5 6 7 8 9 10 11 12 1 2 3 4 5
[Month] [Month]

(d) RHL 1% (e) RHL 1%]

7 8 9 10 11 12

Pressure [hPa]
T
2
8
Pressure [hPa]

2
8
Pressure [hPa]

b bbb LOANWAGD

12 3 4 5 6 7 8 9 10 11 12 1.2 3 4 5 6 7 8 9 10 11 12 1.2 3 4 5 6 7 8 9 10 11 12
[Month] [Month] [Month]

(9) RH [%] (h) RH () RH [

Pressure [hPa]
Pressure [hPa]
Y
8
Pressure [hPa]

T iinioinosoe B

1.2 3 4 5

7 8 9 10 11 12 1 2 3 4 s

6 7 8 9 10 11 12 1 2 3 a 5 6 7 8 9 10 11 12
[Month]

6
[Month] [Month]

Figure 3. Monthly climatology profiles of (a,b) temperature, (d,e) relative humidity with respect to
liquid (RHL), and (g,h) relative humidity with respect to ice (RHI) based on ERAI (left) and radiosonde
(middle) datasets. The differences between ERA-Interim (ERAI) and radiosonde data are given in the
right panel (c,f,i). The X-axis denotes each month from January to December.
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Figure 3g shows the mean climatology of the operational ERAI-based RH products, which were
obtained by considering the liquid and ice mixed state. If this was not considered and a direct
comparison with the radiosonde-based RHL were made, as shown in Figure 3e, an incorrect conclusion
could be made that the relative humidity in the reanalysis or model data was highly overestimated
compared to that of the radiosonde observations. The mean difference between the ERAlI-based relative
humidity and the radiosonde-based RHL between —40 and 0 °C levels was 5.18 + 6.63% (bias + standard
deviation). Figure 3h, which is physically equivalent to Figure 3g, shows the newly calculated relative
humidity distribution. The RH shown in Figure 3h indicates an enhancement compared to the RHL
shown in Figure 3e at altitudes above the 0 °C level, and the degree of enhancement was proportional
to the decrease in temperature and the fraction of ice. As shown in Figure 3h, the relative humidity
enhancement above 40% was confirmed at 200-600 hPa. Such a relative humidity enhancement
contributes significantly to the radiosonde-based relative humidity, with a distribution similar to
that of the ERAl-based relative humidity. In radiosonde RHL-based studies, it is difficult to identify
the peak relative humidity mode in the upper troposphere because the RHL tends to decrease with
increasing altitude [24,27]. In the present study, the two peak relative humidity modes were identified
in the lower and upper layers. It is scientifically meaningful because it indirectly suggests the relative
absence of mid-level relative humidity (or clouds) around the 700 hPa level in winter and 500 hPa level
in summer. The ERAI-based relative humidity showed a mean difference of —1.31 + 3.06% compared
to the radiosonde-based relative humidity (Figure 3g,h). The RMSEs and pattern correlations were
also significantly improved, from 8.39% and 0.726 (ERAI RH — Radiosonde RHL) to 3.32% and 0.974
(ERAI — Radiosonde RH) for —40 and 0 °C levels, respectively. In particular, the positive differences at
200-400 hPa levels in the warm season were much reduced in the RH (Figure 3i) compared to the RHL
(Figure 3f). Additionally, the relative humidity estimated using the ERA5 data showed a higher RMSE
(3.85%) and lower pattern correction (0.956) compared to those obtained in this study.

Figure 4 shows the temperature, RHL, and relative humidity profiles during the intensive
observation periods performed in July 2018 at Boseong station. Relative humidity is often used
to directly parameterize the cloud fraction [56]. For the radiosonde-based RHL, deep convection
occurred three times between 3 and 6 July, as shown in Figure 4a. On 9 July, middle-level clouds were
observed and, thereafter, clear sky conditions with high-level cirrus clouds (until 13 July) prevailed.
These can be confirmed by the ECMWEF reanalysis cloud products (Figure 5). Note that if cloud radar
measurements were available, a more accurate diagnosis of cloud profiles would have been possible,
as in [21]. The temperature distributions between the radiosonde and ECMWF reanalysis data were
almost similar, although the low-resolution ECMWF reanalysis data did not accurately represent the
small-scale disturbance (Figure 4a,d,g).

The ERAI- and ERA5-based RHLs displayed temporal and vertical changes (Figure 4e,h) similar
to those found in observations. However, the relative humidity distribution reveals new results that
were overlooked in the RHL distribution. When the peak height corresponding to a relative humidity
greater than 90% was considered the cloud top, between 3 and 6 July, the cloud-top height in the
RHL results was estimated at approximately 400 hPa. However, a deep convection reaching 200 hPa
was observed in the relative humidity results, as shown in Figures 4c and 5. Similar features were
also identified in the ERAI and ERAS relative humidity results (Figure 4f,i). Throughout the analysis
period, the temperatures of —40 and 0 °C, which corresponded to 250 and 500 hPa, respectively,
remained almost uniform (Figure 4a,d,g). Therefore, the new relative humidity obtained in this study
for 250-500 hPa was a more realistic representation of the cloud-top heights, compared to those based
on the conventional RHL method.
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Figure 4. Time series of profiles of temperature (left), relative humidity with respect to liquid (middle),
and relative humidity (right) based on (a—c) radiosonde, (d—f) ERAI, and (g-i) ECMWF Reanalysis 5
(ERAD) datasets at the Boseong station in July 2018.
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Figure 5. Time series of profiles of cloud fraction and cloud (liquid + ice) water content (bottom) for
ERAI and ERAb5 datasets at the Boseong station in July 2018: (a) Cloud fraction for ERAI dataset; (b)
cloud fraction for ERA5 dataset; (c) cloud water content for ERAI dataset; (d) cloud water content for
ERAS dataset.

The method developed can show a continuous relative humidity distribution for layers with
temperatures less than —40 °C, in the range —40 °C to 0 °C, and above 0 °C. Moreover, the upper layer
clouds that were observed at 100-350 hPa between 7 and 13 July were more distinct in the relative
humidity results than in the RHL results (Figure 4c). This pattern is consistent with the reanalysis results
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shown in Figure 4f,i. Compared to the radiosonde-based relative humidity observations, the ERAI and
ERAD5 datasets showed mean errors of 0.54 + 16.60% and 0.28 + 14.53%, respectively, for temperatures
between —40 and 0 °C. The RMSEs and pattern correlations were 16.60% and 0.85 for the ERAI,
but 14.52% and 0.89 for the ERAS5, respectively. Therefore, the radiosonde-based relative humidity
was more consistent with the high-resolution ERA5 results in this case. The reduced differences in the
ERAS5 can be clearly identified in Figure 6. A greater portion of the positive bias was due to the errors
in the original RHL dataset (3.33 + 13.99%, 3.06 + 12.39%). However, the reanalysis data were limited
with respect to the accuracy of the relative humidity simulation of a particular position at 3-h intervals.
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Figure 6. Same as Figure 4, but for the ERAI—Radiosonde (a,c,e) and ERA5—Radiosonde (b,d,e).

Although this study investigated the Korean peninsula, the proposed method can be applied
anywhere to estimate relative humidity profiles using RHL data from conventional radiosonde data,
which have been widely distributed worldwide for a long time. To apply this study to other regions,
no special preparation is needed if only the method proposed by [46] is used. Furthermore, because
the reanalysis data cover the world, it is also possible to compare observation-based estimation and
reanalysis products in terms of relative humidity profiles. Further considering the liquid water fraction
profiles, this information should be updated locally. Similar but different forms of empirical correction
may also be possible. Since this is the first known study to estimate relative humidity using RHL from
conventional radiosonde soundings, it is expected to have a wide range of applications.
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5. Summary and Conclusions

The RHL data from radiosonde observations have a fundamental problem, as the saturation vapor
pressure over liquid is applied even in the upper troposphere, where is dominated by ice. This greatly
restricts the use of upper-level humidity for radiosonde data. In this study, a novel relative humidity
calculation method based on conventional radiosonde RHL data was developed, and the algorithm
was constructed for the mixed-phase zone in the upper troposphere. Considering 40 years (1979-2018)
of climatology data over the Korean peninsula, the ERAl-based relative humidity presented a difference
of 5.18 + 6.63% and a RMSE of 8.39% compared to the radiosonde-based RHL. Compared to radiosonde
observations, several previous studies have reported the moisture bias of such models. However, such
systemic bias may result from physically inconsistent comparison. When the ERAl-based RH was
compared to the relative humidity calculated in this study, the difference and RMSE were —1.31 + 3.06%
and 3.32%, respectively. The pattern correlations of RH distribution were also significantly improved
from 0.726 to 0.974. These improvements were mainly attributed to the further consideration of the RHI
effect above freezing level. In this study, two peak relative humidity modes for the lower and upper
layers of the mean climatology profiles were interestingly identified, thereby indirectly suggesting
the absence of mid-level clouds around the 700 hPa and 500 hPa in winter and summer, respectively.
The validity of the relative humidity estimated in this study was confirmed based on the two-week
case analysis at Boseong station. The results indicate that more realistic and vertically continuous
monitoring can be facilitated using the relative humidity calculation method developed.

The significance of this research is highlighted by the description of relative humidity climatology
based on radiosonde observations over the Korean peninsula and the comparison of results with
reanalysis data. Although only the Korean peninsula was analyzed, the proposed method can be
applied to other regions. Therefore, the results presented in this paper provide a basis for further
insights for the expansion of radiosonde sounding applications. This expansion, in turn, could advance
our understanding of moisture and cloud processes in the mixed-phase zone.
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