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Abstract In this study, the oceanic Total Precipitable Water (TPW) retrieval algorithm at 16
km altitude of High Altitude Long Endurance Unmanned Aerial Vehicle (HALE UAV) is
described. Empirical equation based on Wentz method (1995) that uses the 18.7 and 22.235
GHz channels is developed using the simulated brightness temperature and SeeBor training
dataset. To do radiative simulation, Satellite Data Simulator Unit (SDSU) Radiative Transfer
Model (RTM) is used. The data of 60% (523) and 40% (349) in the SeeBor training dataset are
used to develop and validate the TPW retrieval algorithm, respectively. The range of coeffi-
cients for the TPW retrieval at the altitude of 3~18 km with 3 km interval were 153.69~199.87
(o), 54.330~58.468 (B), and 84.519~93.484 (y). The bias and RMSE at each altitude were found
to be about —0.81 kg m ™ and 2.17 kg m™?, respectively. Correlation coefficients were more than
0.9. Radiosonde observation has been generally operated over land. To validate the accuracy of
the oceanic TPW retrieval algorithm, observation data from the Korea Meteorological Adminis-
tration (KMA) Gisang 1 research vessel about six clear sky cases representing spring, autumn,
and summer season is used. Difference between retrieved and observed TPW at 16 km altitude
were in the range of 0.53~1.87 kg m™, which is reasonable for most applications. Difference in
TPW between retrieval and observation at each altitude (3~15 km) is also presented. Differ-
ences of TPW at altitudes more than 6 km were 0.3~1.9 kg m™>. Retrieved TPW at 3 km alti-
tude was smaller than upper level with a difference of —0.25~0.75 kg m™ compared to the
observed TPW.
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%7173 (Total Precipitable Water, TPW) Tl
F717F A AEE vHAE o FoE o

Sh(water cycle)S olslist=t] o] T3 71
% 3ol ti(Trenberth et al., 2007). A 213
AFdst= 7l 5 F571%F Sk 245t
A= ok W7l F 7= CO%F HEo]
T 2A7A F shHE 7158 SHA A A
EAREA o] GFE Fol AF2dsE AT F
9] =< (positive feedback) &3}7} UTh(Held and
Soden, 2000, 2006; Mears et al., 2007; Dai et al.,
2011; Chung et al., 2014). =3+ 7= &4 A] B9 A
Hel2 Qg ti7] o2 Fdo] WEH7| i o

= of) fo i of
e B Ay

7] th<&=3H(general circulation)l] FES F32, 71743
2 ZHdAN FEF A b gEFS £k 59

A5 oA TR = JFI e Thits B4
oM FrdEe 71 DA ddEo 3l
Th(Park et al, 1983, 1986, 1989; Lee and Hong,
1989; Park et al., 2003; Song and Sohn, 2015). Kwon
et al. (2013)3} Jung et al. (2014)S 3= FAE X
o] JFof AE 24T A3, TPW= oF 50~55
mm (kg m?) 223 Jung et al. (2015)S 3hike
A Qo] A FTEF AtelolA] 45~60 mme]
TPW7} A5 BT whaba] Alg7he o
2 TPWO| ¥sts A8 Ast= 22 7154 &
AT ofu gl o HARQl SHAAME Fagk 840t}

TPW #3ol&= 213 T2 2] 2| (radiosonde)
oF A, 914, 2EaL 7] 71Ne] fAEAL W
o] Ut YAHYAL W)= Global Positioning System
(GPS), A 9|(infrared), 28] w}o] A Z I (microwave)
47 55 o]&3t(Liou et al, 2001; Wang et al.,
2007; McCarthy et al., 2009; Wulfmeyer et al., 2015).
PrezdE ARt B ARl AA W BE
o] F2 fgolM olFolA I YL, B 210000,
1200 UTC) E+= 49 (0000, 0600, 1200, 1800 UTC) 7
T A5o] FE7] el A7 o AEH TPW
o] ¥stE olsist=t HAI7E Utk 214371ke] A9
o mlolamT} WL FHAOR FHLT #ASZo
7hssich. Zeiv Ao WHE ol EAY A4S
TPW #35o] o %o] ot ¥ wlo| A2 3} A=
TE5] FFge] Ao iR 7PN TPWS
#Zo] Zhssith v #Fe] AR FY Al
A B 2~31H #AZFo] 7eE AAE AdolM T B
Zo] o] FofA 3L Utk A7 AAFAR= AIZHA
o7 AT #ZFo] ThssAIRt g e F | H=
I} TRRHRAR AR SAFelM T Bl o] R 1
At FF7IE Fx A #Fo] ThssARE 7%

d=71eks Y7] A279 35 (2017)

el gl ARRFe] EAR 90 Aofe] w2
oh wEbA s 2 A5 FuA A =2 AlF
7+ B35l TPW T50] 87¥H(Cho et al., 2015).
II= A7|AFF-217](High Altitude Long Endurance
Unmanned Aerial Vehicle, HALE UAV)= tFd Rt}
didg oz ti7|7) g ek AEEAA 2FE 7] wE
of Y3 A A=) FHEd FHAS I 2
AL #AZo] 7hssiAl "ok TS A7 2A
Al olsS FAs BEE FAL F Ao FE F
3 ARE A|FTE Ao)tKCho et al., 2015, 2016).
A5 it FA el ATty stER
He 5713 dsEs #ET F do] 717
7198 ¢ Jg Aow ATGHT 20173 AE
I= AVAFFAE W - TE
< AAShHE oA FJEARI SR =77
59, S A T L, FHGFSFATY, T
o8 AF7|FE] Fedsta 9l
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(Cho et al., 2015, 2016). =3 F
q FARIA A #ESE A4 7| RAEE o] &3t
AAZPE71FH(WMO, 1957)014 eojd 84 tiFH
AW A=E FsAh ol B3 A7k w435
ey AEE i RAAE 1Y G A R4
IS EAste] s AEAe] FEFS ATk
TH(Cho et al., 2014).

npo] A= TPW #5219, 22 GHzell $1x|g &
S71(H0) &5 AdE o]&ste] thFsiAl Fa= o
S H(Alishouse et al., 1990; Greenwald et al., 1993;
Lojou et al., 1994; Petty, 1994; Schluessel and Emery,
1990; Wentz, 1992, 1995; Stephens et al., 1996). %
7] AEE §4e] & A% WES(surface emissivity,
e~ 0.8~1.0)2 3 F= 3¢ (e ~ 0.4~0.6)°1 4 ¥t TPW
Abzo] o] FoJA| 3L Qlth(Liou, 2002). & AToA =
gt e dS3 Ao A&HH TPW #55
Qe 2% F7NAFFR7] QY IE(CF 16 km)oll A
SAA TPW 4 &aglE&s Mdsk=t 53 o] 2l
ok daElE NS S8 EARA Y R E (Radiative
Transfer Model, RTM)S- ©|-8-8}4 ¥7]-2%= (brightness
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0: Viewing angle
H: Altitude
S: Swath width

Fig. 1. Microwave radiometer scan geometry onboard
HALE UAV from a 16 km altitude.
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kmolth, F917] ZEoA #2 vlo|=zv} BAL
(radiance)> Rayleigh-Jeans *AH(approximation)el| 2|
3 Brlezel Ao vt weba .17
TEolA BEE W) LE(T)E T 2ol Heolw
T(Carsey, 1982; Swift and Cavalieri, 1985).

Ty=eTpe " + T+ (1 =) Tupme " + (1 —&)Tpe ™

0517]}\1 SE‘ X]—;:‘JL— Hf}%%olls sfes nps Tdowm la‘l:ﬂ- Tvp
© AFLE, 4% 7%, sk 7%, Z28al ¢
FHIAL=2.7K)°lt} e "= 7] = (transmissivity)
ojt. A WAel T HAY 3 A3k} th7]oA ek
WEE golar, Al HAjeh vl WA g2 tf7]ellA st
FEE s AR EQ2.7 K7 AR
Al HRAREL Foltt.

o v =
EHoh TPW A& €852 S48 Wy
=]

=

EAlR O 97| 2% gho] ARgETh 7] 9
oA wlo]ART} EALRCE Faty] o8] Y&
v}a2oF t gl Hydrospheric Atmospheric Research Center
(HyARC)o| A 7)2t&E Satellite Data Simulator Unit
(SDSU) EA2 &S 0|23 th(Masunaga et al., 2010).
o] BYL THA|, A, nlo]agnt AHEF w9}
F5 Y (passive) LB 55 H(active) F= B E
X3838lal 3L, National Aeronautics and Space
Administration (NASA) Goddard Space Flight Center
(GSFC)ollA &its] AFE-E T Atk (Matsui et al., 2009,
2013). EAR S Q8 F o dHAFE A7 & -
F=, AW, sl 5 79 X ad grot
AHE-E Tt
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Fig. 2. Flow chart of TPW (kg m>) retrieval algorithm from radiative simulation and validation.
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7l PN BF TPWE 2H=E35H7] @l
PASES 7-%9/] r‘%l:_% }\]—]:HZ-] og x%ﬂ] vl= 22 GHz o]
3l AdS o] &3 Wentz WHHE 8319 D]—(Wentz
1995; Koo and Sohn, 2005). ©] W& #357] &
gl 1873 22.235 GHzS ©] &3t} 187 GHz-*
22235 GHz Bt} Atz o=z ofsl =7 &4 A
2 o] F Ade] s 2x olg ol&3le] 52
73t} Sohn et al. (1998)% Sohn and Smith (2003)
= oy TPW A& 437822 w23t 43, Wentz
(1995) Wil 7Pt gt Evha Bk bh gl
AR Wentz W €] 3|22 o3t T

TPW=qa + B 1'[1(290 - Tb13_7v)

=7 In(290 — Tby; 135y)
o714 Tbig 78t Thysssie F9171 A=A #SH

219} 18.7 GHz Z8]3L 22235 GHz 817]|&%0),
a, B, 282 1= Aot} Fo17]¢] _,q.zul-/\l_o_ rOSS
track scannlng dkao|t}, wEla] #= B 7)zb W}Fﬂr
AGE AEskat. =g °°§12 I w2t TPWE 4F
=3 ﬁlmﬂ A7 Wit ALFE TEE ALeS
ot S3e] g, AR HEE0] 7] vl TPW F
Aol A7 A TPWE sl ol A=t 2h=stdth
TPW AE G E NS A dHAEREE F
7] 9aL=olA x| 187, 22235 GHz HAM)
I} 20 3= TPW (kg m™) %}olt}. TPWE 3
=¥ Z3H)(mixing ratio; kg kg S ©]&3dto] v

TPW == " ¢(P)dP
o714 g= 7P—;(98m s, ¢= E3M (kg ke,
zalaﬁﬂhéﬁﬁ 9l7] $JIE 18]I A

RN 71 hPajel k.
3. 2| JHE R AB| AHSE K=

TPW A& %3 )5S Mstz] el 79171 29
AolA BAROE =851t} B AE = Cooperative
Institute for Meteorologlcal Satellite Studies (CIMSS)
o ] A|F3= SeeBor v5.1 THAEE o] &3 th
(Borbas et al., 2005). A ©] ﬁeﬂl}ﬁ'e o] 83l &
AAR o Z2A% &5, £, &, 83 5 71
24 2% dugF A7 vefsiA AR ok
(Li et al., 2000; Seemann et al., 2003). Seemann et al.
(2003)2 Moderate Resolution Imaging Spectrometer
(MODIS) A& HAIZFCZRE 7] 25, &, 18]
3 9F A AFE YT B Li et al. (2000)
<2 Advanced TIROS Operational Vertical Sounder

sh=t71288ks] 7] #1274 33 (2017)

SN B VST 5

Table 1. SeeBor training dataset for the development of
TPW (kg m™) retrieval algorithm.

Variables

Temperature profile (K)

Mixing ratio profile (kg kg™)
Surface pressure (hPa)

Skin temperature (K)

Surface wind speed (m s™)
Fraction land

Elevation (m)

Total Precipitable Water (TPW; cm)

00NN N AW~

Total number: 1,816 (Land: 944, Ocean: 872)
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Fig. 3. Spatial distribution of SeeBor training dataset over
East Asia region (Lat.: 0 ~50°N, Lon.: 100~180°E).
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2 1100~0.005 hPa THH %= Alolof|A] F 1017]<]
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Fig. 4. The KMA research vessel (Gisang 1) operating (a) ocean meteorological observation, (b) upper level meteorological

observation, and (c) ocean observation.

Table 2. Variables observed from KMA Gisang 1 research vessel.

Variables

1 Upper level meteorological observation
2 Ocean meteorological observation
3 Ocean observation

Temperature (K)

Pressure (hPa)

Relative humidity (%)

Wind speed (m s ') and direction (°)
Temperature (K)

Pressure (hPa)

Relative humidity (%)

Irradiance (W m )

Visibility (km)

Present weather

Wind speed (m s™') and direction (°)
Wave height (m)

Sea surface temperature (K)
Salinity (%o)

Sea current

Atmosphere, Vol. 27, No. 3. (2017)
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AF-E 33 UtHFig. 4). 4], Hol, 2
FESFE 27 6432m, 94 m, 133 498E 0], &
AT E 4,000 mile (2F 6,400 km)= 25% o] A%
a7t 7Fsslth Table 2= 71%1S A5 Q4SS
HojFrh 2455157143573 (Automated Shipboard
Aerological Program, ASAP), A8h8 24571748574
H](Automatic Weather System, AWS), A7]52H
%4l 71&Al(Conductive Temperature Depth, CTD) 5
< o83t % 3kmollA 2LF 20 km7HA] 712, 7]
o, v, 5, A, A, e 58 359
TH(Cha et al., 2016).

TPW A& daregjEe] AS=E 4s7] 98 7]
F1solM ASE Y ey ASAEE F
Aol 2 AFdAE 713E ASAEE YR
52 BAIRE s, BojH wer 3
ol&3led TPWE AFEsialtt. TPW ¢aels A<
SlelA AEE TPWF #35¥ TPWE WLl Al
FHoE AGHEZ H2 g8 AAsI FA7] 9
=Sl 16km =AM AAEE TPW %S o=
o #53 ¥ e, Ad "sAdS glski. F
7= dFHET ooz tr]7h B S oF 16
km 3 AEHAAN 29T Aol Uk HmF F
Ak g)7]olx gt FAAE g & (tropopause
folding)elt}; 73g+ 78 3 (deep convection)o] HAY 3}
T 7] W2l 3FE S F
/7] a=rEAEE Aok wEbi we] Wk TPW
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L= S P I B B A B e e e S s = R =
2 P9 AFEE 100hPa 9 L= =

o B2 FATHKMA, 2009). 3k thRo] £
(45~65%)= 850 hPa ©]a} thFA 35l L33 Ross
and Elliott, 1996). ¥ <AolA= 3~16 km Ato]ol A
HE 1=2 AAste] 1w wet TPWE 2619

Nt

oA Y BTV

Table 3. Coefficients for the TPW (kg m™) retrieval algorithm
at each altitude.

Altitude Coefficients
(km) a B Y
3 153.69 54.487 84.519
6 178.54 58.468 93.419
9 195.93 55.026 93.392
12 199.32 54.348 93.387
15 199.65 54.348 93.456
18 199.87 54.330 93.484

2, A’gelA 100 hPa SUH A= Alolor] #=H
e TPwete] AjolS ZASS

4.8 1

gl A o] TPW A= LarEls /S 913l Wentz
el A BAAE et AMSE AlsE F
orlo} Aol A R S AFEEB72M) T 60%
of sigsh= 52370 AEE o3RI, YA 40%
G4he LaEE AES f18 AHE-sk3ith. Table 3
ko] wEh TPW AHeS 918 o, B, 283 v A
TE RAF AT 3kmolA 77 PIEE
E3sl= 18km IE=7HA] 3km 7HA SR AFESIATH
EAA AS o, B, 2B y= ZH2F 153.69~199.87,
54.330~58.468, 12|37 84.519~93.4842] +XE HYT}
12~18 km Ao XM= AlFEe] FAMSE F21& EATh

SeeBor THALE = 40%°) slF3= 3497 RIS
ol&3le] Y BF AFE TAINAULE Table 4= =
AlRolE B7]e =2 HE 2HEE TPWEF SeeBor TPW
o] 3} bias, RMSE (Root Mean Square Error), =L
2|3 A 4(correlation coefficient)E H ol Ft}), 4t
2% TPWO| oS =0 w) 30.09~38.04 kg m™
2 ¥ ¥, SeeBor TPWE 31.32~38.85kg m =
FARSE =25 BT 15km o) LM E F A}
B R 38.049 38.84kg mE ¥3tE TPW S W

ok

flo

Table 4. Statistics of retrieved and SeeBor TPW (kg m2) using 40% (349) of SeeBor dataset at each altitude.

Altitude Mean (kg m™) Bias RMSE Correlation
(km) Retrieved SeeBor (kg m™) (kg m™) coefficient
3 30.09 31.32 -1.23 2.73 0.987
6 36.60 37.42 0.82 2.20 0.995
9 37.85 38.65 -0.80 2.17 0.996
12 38.02 38.82 -0.80 2.17 0.996
15 38.04 38.85 -0.81 2.17 0.996
18 38.04 38.85 -0.81 2.17 0.996

d=71eks Y7] A279 35 (2017)
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Fig. 5. Scatter diagram of retrieved and SeeBor (true) TPW at (a) 3 km, (b) 6 km, (c) 9 km, and (d) 12 km altitude. R indicates

correlation coefficient.

2t} Biast 6km (0.82kg mH)ILEES A 98ty
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= v S A ]

K
sy
-

)

o] AFoM ALt ATHFig. 6). 13 2 Akl A
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s'o] oFsl E&3 30km o]4de] AlFo] FZ=E ATt
3% 4 AR A S AE)7d(35.6°N2) 35.9°N,
126.1°E)oll A #Zo] =T, 4 0%, =
&3 A AHL 7bzt 40~45m s, &F 20kmE HS 7]
el S BTt viA e 2 591 6 AlEle dAlE)
2 AlQEx] 9 (35.1°N, 125.1°E9} 125.9°E) <1 a4l
HZo] FYHAL, 4.0~50m s T, s
= 2k 82%, 183 AL 2~5kmE THE-E A o] &
= At

gl AL T FHolF(drif)eE 7]
ksl A7k zkolE HRITth(MceGrath et al.,
2006). SFAI T A7kl whe} AdgetHA] 3719 9k A
olFtRE FFdA el gt o Ed= vYgE A -
A E 371E 5% Ao B 4 Utk Figure 7
& Aol wel 16km F917] L3I EA 2HEE
TPWS 71734135 g Ed oA A= TPW Alo] <]
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Fig. 6. Location of Gisang 1 observation and Communication Oceanic Meteorological Satellite (COMS) composite images.

Clear sky cases selected in this study.
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Table 5. Difference between retrieved and observed TPW (kg m™) at 16 km altitude.
TPW (kg m™)
Date
Retrieved Observed Diff. (Retrieved-Observed)
Case 1 (1200 UTC 28 Aug. 2015) 29.47 28.04 1.43
Case 2 (0000 UTC 29 Aug. 2015) 29.56 29.03 0.53
Case 3 (1200 UTC 02 Nov. 2015) 13.36 12.73 0.63
Case 4 (0000 UTC 03 Nov. 2015) 10.08 8.84 1.24
Case 5 (1200 UTC 29 May 2016) 18.47 16.60 1.87
Case 6 (0000 UTC 30 May 2016) 13.76 12.76 1.00
Table 6. The values of retrieved (Ret) and observed (Obs) TPW (kg m ) at 3~16 km altitudes.
TPW (kg m™) at each altitude (km)
Date 3 km 6 km 9 km 12 km 15 km
Ret Obs Ret Obs Ret Obs Ret Obs Ret Obs
Case 1 (1200 UTC 28 Aug. 2015) 23.74 23.12 28.62 27.35 2935 2794 2946 28.04 29.47 28.04
Case 2 (0000 UTC 29 Aug. 2015) 23.96 2421 2886 28.56 29.49 2899 29.55 29.03 29.56 29.03
Case 3 (1200 UTC 02 Nov. 2015) 11.54 11.74 13.14 12.65 1334 1271 1336 12.73 1336 12.73
Case 4 (0000 UTC 03 Nov. 2015)  8.64  8.00 979 861 10.06 882 10.08 8.84 10.08 8.84
Case 5 (1200 UTC 29 May 2016) 15.31 1456 1744 1554 1831 1645 1847 16.59 1847 16.60
Case 6 (0000 UTC 30 May 2016) 11.95 12.06 13.38 1250 13.67 12.66 13.76 12.75 13.76 12.76
Atmosphere, Vol. 27, No. 3. (2017)
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