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Fig. 1. The schematic diagram of UTH observation from the satellite.

3.2. A=W (Methodology)

Fig. 10] Jeha vish 2ol 149 WV Adeld SAah g dry osa
S0 T oty A HT wElbA UTHE 2 (1) & o] g8ty g3 Zo] WV
Dol BEF LRI R 4Ee) £V g DAL olgo] AET
9

UTH = 5‘;059 expla+b T (2)

UTHE =37 93 183 A4 a9t be RTMOZ ROJ3 WV 2149 Jr&

T, dagF uizidae W A HAZE ol gstel AAFE 4+ Y (3.29 2 FX)

:

a2y 71 AdEE dehds ZIE7Ige B

1) TIGR X&
UTH AAR2 daglE 3 wiiisrr 4oE90S wdt 7hsstt (2] 2). waba
druElEF g 2 s d4sr] Yal 1992958 1993d7k4] 2 7Fe] ECMWE

2747 | A9 M MIES ~3-



~ R Code: NMSC/SCI/ATBD/UTH
u SSTS/1S Issue: 1.0 Date:2012.12.21
of = SlA H A File: NMSC-SCI-ATBD-UTH_v1.0.hw
wpaes  SUEIE JlE AN 0T °

(European Centre for Medium range Weather Forecast) &4 zpg oA =33k
A=A A5 (Chevallier, 2001)E TIGR (Thermodynamic Initial Guess Retrieval) A}
S22 AREEGIT ol AAAERE Ve, T, LEF, SHOE TAEH jlow,
h71%& 0.1 ~1013.12 hPa 744 60719 ti71E o2 FE¥o] gtk UTHE A<
AFolvt A= 7hsstEE, TIGR ARZFH FHJA 219 ddxs 48& 442
2 st B ATeM s A dAAEE A
= 715y AdEE7 90 % ©lEkql AAARE HHO

TIGR 2= % oF 1,17571¢] dAAEE FHAEE A8t ol& ARE ©] &5}
ARRE 2o e EE olfsto] dugE ArE AT

i
ol
ol
)
do,
o,
Mo
ot
o
@}
re
oN,
o
[2n

2) 7171 (b))

7714 FE7HE AAY AMgEHE FQ HER 2L 240K %9 7S
300 hPa® v o= Aodch(4 1 #F*). Fig. 2= TIGR A#E o] &3lo] AF=3t
71E71%s A5 wet €E A Zolth Z7e] HAE AR Az dig ES
S YEhY A gd] AHE o) gete] e 2 AEe HA A4S vERd Ao
th 77 YRR A5, V0] U ALAdFE F S /HAH, di=E 0.9 ~
1.5 W92 5o wa} ok £ ol LYE dFE 7)) 240

4

A}
1
xR
1o
2]
of
oX
o
fz
o
o O

Kl 717t wold S ulshd, o 4R Ade] 49 o] 1%7 4 WSS
oJulstt, Fig. 2 YeRdH 7171949 Ws A& Soden and Bretherton (1993,
1996)0] AAIgH Aol Ao Fdsttt. & AFelA= oy st Al/FY A 7]E7]
el M-S v FH e &2 ZAdste] UTH Alikel o] 833l

Fig. 32 7I=7Istel tid UTHO ®IAEE depd Zoexn, FadAQd 7I=7=
o]-§ato] A4S UTH(Fig. 3a)ell tieto] 7|&=7Isbo] z+2b £0.19 A& 714 74
7Fdsto] ALt UTH (Figs. 3b and ¢) & W E=E YEH Zolnk. F2l 7+&7 %
& o] &3le UTHE AH&E319S F
b, £0.19 exE 7HEe A

9} 9.21& Bt}

T

9+ rmsd (root—mean square difference) 7} 8.63
$-o th3t rmsd= 247 1.029F 0.58¢] =713t 9.65

=7h7 1?1 dHH -4 -



= N Code: NMSC/SCI/ATBD/UTH
u SSTS/1S Issue: 1.0 Date:2012.12.21
ot = J|A H A File: NMSC-SCI-ATBD-UTH_v1.0.hw
-3?}7|*°'-?-|J3‘-3!E1 = = | = 7 =T _-'I A-I Page: 38 P
Jan Feh War

Apr Moy Jun

Jul Sep

Normalized Base Pressure

2l M Deg

=G =40 =20 0O 20 40 GEO=60 =40 =20 [ Z0 40 GO=-60 —40 =20 0O 20 40 &0

Latitude {degree)
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Fig. 10. Specific elements of UTH module components.
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UTHE  Axbstes EEEA, /A AR 9 #FAL
UTH_Read_Coeff_pOellAl 8% v AlFE o]g3te] 7F stief dist 7]
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Table 1. Specific module descriptions of the UTH calculation program.

Module Subroutine & Function Contents
CMDPS_UTH_Mod_Read_Namelists | Sub UTH_Read_Namelists duglEF A A
UTH_Init_Local_Vars Ao Wl Al 9l %7)3}
CMDPS_UTH_Mod_Local_Vars Sub N
UTH_Clear_Local_Vars sty X a g s A
UTH_Read_Coeff_p0 712719 oekal Al oA
CMDPS_UTH_Mod_Read_Input Sub -
UTH_Read_Prev_UTH A A7 UTH A&E oY
CMDPS_UTH_Mod_Calc Sub UTH_Calc 32 UTH A& 9 QC
UTH_Time_AQC AEE AIZE A& A
CMDPS_UTH_Mod_AQC Sub -
UTH_Space_AQC AEE T AEA AAE
CMDPS_UTH_Mod_Write_Output Sub UTH_Write_Output A=A A%
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Table 2. Detailed input and output data for the UTH algorithm.

INPUT DATA
Parameter Mnemonic Units | Min | Max | Prec | Acc | Res Source
WV channel BT wv K 170 | 300 0.1 0.1 1x1 L1b
Date cmdps_time_date - - - 1 1 - L1b
Satellite Zenith Angle sat_zen deg 0 90 0.1 0.1 1x1 L1b
Latitude lat deg -90 90 0.1 01 | 1x1 Llb
Previously producted UTH prev_uth % 0 100 0.1 01 | 1x1 L2b
Scenes type mask - 0 1 1 1 1x1 L2b
BT Lower Threshold tb_min K 170 - 1 1 1x1 Setup Parameter
BT Upper Threshold th_max K - 300 1 1 1x1 Setup Parameter
. const_a - - - - - - Setup Parameter
Algorithm Constant const:b K* - - - - - Setu::)) Parameter
po Constant coeff_p0 - - - - - - Setup Parameter
Rate of Clear Pixel clear_pix % - 50 - - 1x1 Setup Parameter
Stddev of WV BT wv_std K - 1 - - 9%9 Setup Parameter
Temporal Continuity Test uth_time % - 70 - - 1x1 Setup Parameter
Spacial Continuity Test uth_space % - 70 - - 1x1 Setup Parameter
Processing segment size proc_size_uth pixel - 9 - - 9x9 Setup Parameter
UTH Lower Threshold uth_min % 0 - 1 1 1x1 Setup Parameter
UTH Upper Threshold uth_max % - 100 1 1 1x1 Setup Parameter
Logic Operation Unit use_prev_uth - - - - - - Setup Parameter
OUTPUT DATA
Parameter Mnemonic Units | Min | Max | Prec | Acc | Res To.
UTH uth % 0 100 0.1 01 | 1x1 -
Quality Flag uth_flag - 0 64 1 1 1x1 -
Number of Clear Pixel cel_count pixel 0 81 1 1 1x1 -
3) FAAAL
#AHA R AA F FREeR Ak U 3t (Ix1 )l ok FA AL
AT (9x9 ) izt FHAHA ATddel g 48 75 F4H AAF
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Table 3. Specific descriptions of quality check in the UTH calculation module.
Bit Contents Availability Criterion
0 - 7V BE AAE T4 A
1| ERY A | PRl HYE A%
ul 3 <
o | seer saa Ax uo) WV Ade JE2%7 2 (170K < BT
< 300K) & "o A4
B} AEEo] FEHY (0% < UTH < 100%)E H
=1 o0 =2 A h=]
4 | AEE F34 AAF =7} ot 7o
or Iy = o] o Lz\j—, o }o)
8 | =zt Az Ax e 13 34 T2 AEE7Y 27t 70% o749
3%
= 0] = ztli
16| A azn Ax e sU3t Shae] i A A AEEIO AU
70% ©17%d A%
32 | & #3F AAH e | 9x9 a9 FE f31F0l 50% o1 A
=20 5 AE]
64| Fmes Fan AT s TE52 A 9x9 slie] s WV Mg =
259 EFRATL IK o1gel B
T quality control for processing area to use in the validation modules
3.4. AZF
3.4.1. A9
g A A A" A AbEE UTHE A33S5 #Aae) vluste] AEEe] s A

sHA Hth, HZo] AlgslE AAAS A5 = B 2EH sounding AEES 7| RO R S,
AdHE Aust A5 o R e Asee gEe s A 1x1 ska
¥ UTH A8E 9x9 34 (~36 km FOV at nadir) & H#3FH . ¢ 3.34
sk kel Zo], UTH AtE5S 9X9 sta® Hatsts B oA dA shie] ot
& AAF At WV A9 3| e2w 484 HAF A3E o] &3k =4, o] &
Ao g FHs AERkE vl - HSol ARESFaiTh
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sH 719 SS9 23k TIdE ArE 5 Y (Vedel, 2003).

T—273.16
e, (T)=611.21 Xexp[17.502><7T_32.19 } (5)
(T,)=611.21 17.502 14— 27316 6)
= . X . X ——
Gt P T,—32.19

o714, Tet Ty= @y ez #5538 58 259

= = .
e,(T)= 5 719 +371% 2 E3+3718HS vekdth 24248 gi7]5ol i A

UTH= —— (8)

9l Aoz AAE UTHE 2 (4) 9 rit 593 Egkoln], 7153 we Fig. 49 U
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3.4.2. AFAE

A A A Ao A AtEd UTHEY AgEE vl - #Z53sH7] fdlA GTS (Global
Telecommunication System) AHEE Ground Truth AE5=2 o] &3t Fig. 112
COMS (Communication, Ocean, and Meteorological Satellite)®] FOV (Field of
View) Well $1x38k= ¢F 530709 13717 #5405 UEbd o 2A, ol 137 @
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Fig. 11. The geophysical locations of upper—air station within the COMS
FOV used in the validation.
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Fig. 12. Comparison of UTH retrieved from COMS and those of radiosonde soundings
on April to June 2011.
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Fig. 13. Retrieved UTH from COMS at 0115 UTC on July 17 2011.
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Validation of upper Tropospheric Humidity Inferred from the
Water Vapor Channel of Geostationary Satellites for the Summer
Season in the East Asian Region

Joong-Hyun Park, Jung-Yup Ha, Sang-Min Park and Kwang-Mog Lee

Dept. af Astronomy and Atmespheric Sciences, Kvungpook National University, Daegu, Korea
(Manuscript received 10 Apnl 2007; in final form 11 June 2007)

Abstract

Upper Trepospheric Humidity (UTH). the mean relative humidity for the layer from 500 to 200 hPa, can be refrieved
from data of the 6.7 lm water vapor channe] of meteorological satellites. The present study aims to assess the validity
of the UTH retrieval algonithm, which will be incorporated into the data processing system of Communication, Ocean
and Meteorological Satellite (COMS), for the summer season in the East Asian region. We analyze the algorithm parame-
ters and the coefficients for the water vapor channels of Geostationary Meteorological Satellite-3 (GMS-3) and
Geostationary Operational Environmental Satellite-9 {GOES-9) using the European Centre for Medium-Range Weather
Forecast (ECMWF) reanalysis data. The coefficients applicable to data of the COMS water vapor channel are also
determined. As COMS is not operating yet, the brightness temperatures of GIMS-5 and GOES-9 have been used for the
validation of the algorithm. UTH values caleulated from radiosonde profiles of upper-air stations in the region are com-
pared with UTHs retrieved from collocated satellite data. When the ECMWF-based coefficients are used, the
root-mean-square difference between the retrieved and the measured UTHs is about 5.3 and 7.5%, respectively. for
GOES-9 and GMS-3. However, the retrieved UTHs from GMS-5 data tend to be larger than those of radiosonde data.
It has been noticed that brightness temperatures of GMS-3 are different from those calculated by the radiative transfer
model. Thus, we have determined the algorithm coefficients using GMS-3 data and UTHs of radicsonde profiles. This
improves the performance of the algorithm considerably: the root-mean-square difference decreases to about 4.3%. The
results suggest that deternuning the algorthm coefficients from satellite data and in situ measurements of UTH is a practical
measure of the UTH algorithm, if brightness temperatures of the water vapor channel behave differently. like GMS-3.
from those of theoretical calculations.

Eey words: upper tropospheric humidity, COMS, water vapor channel, remote sensing

1. Introduction vapor amount in the upper troposphere 1s required.
In the East Asian region, Geostationary Operational
Environmental Satellite-9 (GOES-9) at 155°E lon-

gitude had performed meteorological observation

Water vapor 1s a dormnant greenhouse species and
plays an important role m most of atmospheric proc-

esses by releasing latent heat dunng the condensation.
Upper tropospheric hunudity (UTH) affects climate
varations mn models on vanous temporal and spatial
scales [Geer er a/., 1999]. To evaluate and forecast
the climate vaniation, reliable observation of water

Cotresponding Author: Kwang-Mog Lee, Dept. of Astro-
nomy and Atmoespheric Sciences, Kyungpook National
University, 1370 Sankyuck-dong, Buk-gu, Daegu 702-
701, Korea.

Phone : +82-33-050-6363, Fax : +82-33-930-6359
E-mail: kmlee@knu.ac ka

27714

dunng a couple of vears until August 2005, after re-
placing Geostationary Meteorological Satellite-5
(GMS-3) on May 2003. GMS-5 was operated by the
Tapan Meteorological Agency (JVIA) and was post-
tioned above the equator at 140°E longitude. In order
to measure the water vapor amount i the upper tropo-
sphere, the Visible and Infrared Spin Scan Radiometer
(VISSR) of GMS-5 and the VISSR Atmospheric
Sounder (VAS) of GOES-9 used the water vapor
channe] centered at 6.7 pum (or 1500 cm’). Korea
Meteorological Admimstration (KMA) 15 planning
to launch the first Korean meteorological satellite
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named Communication, Ocean and Meteorological
Satellite (COMS) 1n late 2008. Proposed channels in-
clude the same water vapor absorption channel.

Since late 1980s, vanous UTH retrieval techni-
ques have been developed for the water vapor chan-
nel of geostationary satellites. Schimetz and Turpeinen
[1988], for mstance, suggested an algonthm to esti-
mate the relatrve hunudity for the layer between 600
and 300 hPa from data of the Meteorological Satellite
(METEOSAT) 6.3 pm channel. Using forward radia-
tive transfer calculations, they constructed the look-
up table of brightness temperature differences be-
tween 11.5 and 6.3 pm channels for various hunmdity
conditions. Then, UTH 1s estimated from the differ-
ence of the observed brightness temperatures. Their
results show about 10.2% root-mean-square differ-
ence (RMSD) when compared with UTHs derived
from radiosonde observations. Soden and Bretherton
[1993, hereafter SB93] proposed an UTH retrieval
techmque using data of the GOES-7 6.7 pm channel.
They assumed a simplified model atmosphere for the
upper troposphere between 300 and 200 hPa, and de-
rived a logarithmic relationship between the bright-
ness temperature and the UTH. As reporied by Soden
et al. [1994], the retneved UTHs are m agreement
with those of Raman Laser Imaging Detection and
Ranging (LIDAR) within about 6.0% RMSD and
with those of radiosonde soundings within about
8.9% RMSD.

In the present study, we adopt the SB93 method
for the retrieval of UTH, and determine the values of
retrieval equation constants applicable to COMS,
GMS-5, and GOES-9 for the East Asian region dur-
ing the summer time. The purpose of the present
study 15 to assess the validity of the UTH retnieval al-
gorithm based on SB93 by companng with radio-
sonde measurements. The retrieval results of GMS-3
and GOES-9 are used for the comparison, since
COMS data are not available yet. We expect retneved
UTH products from COMS, when 1ts data become
available, would have smular accuracy to those of
GMS-5 and GOES-9 as the characteristics of the wa-
ter vapor channel of the three satellites are alike.

Theoretical basis for the UTH retrieval algonithm
15 mtroduced in section 2, along with the analysis of

algorithm parameters and coefficients. Retrieval re-
sults and comparisons with radiosonde soundings
are presented in section 3. Finally, we summarize and
conclude our results in section 4.

2. Descriptions of the algorithm

The UTH retrieval method developed by SB93 1s
based on a relationship between the brightness tem-
perature of the water vapor channel and the upper tro-
pospheric relatrve humidity. They assumed a model
atmosphere for the upper troposphere centered at 300
hPa where the air temperature 15 240 K, with a partic-
ular temperature lapse rate. and denved the brght-
ness temperature as a function of mean relative hu-
midity using the strong-line approximation in the
transmittance calculation for the water vapor channel.
The relationship given by SB93 1s expressed as

i.’ F pd \..

=a+bI; 1
freoséd | O

|
where 7 1s the mean relative hunudity in the upper
troposphere between 500 and 200 hPa (about 5.5~
12.0 km), defined as the weighted average of relative
humidity by the sensitivity function (see section 2.¢)
of the chanmel, 2, 1s the normalized base pressure, de-
fined as the pressure at awr temperature of 240 K nor-
malized by 300 hPa, {7 is the non-dimensional tem-
perature lapse rate, g 1s the zemith angle of the satel-
lite, @ and & are the algorithm coefficients, and T;-
15 the bnightness temperature of the 6.7 pm water va-
por channel.

In order to apply Eq. (1) to satellite brightness
temperatures, the algorithm coefficients have to be
determuned from the brightness temperatures for
known 7. 2. and 5 . This is possible when ground
truth measurements and collocated satellite data
have been accumulated for a long period of tume.
Another way, used in the present study. 1s to use simu-
lated bnghtness temperatures for known atmos-
phernic conditions. Once the coefficients are de-
termined, UTH (1.2, the mean relative hunmdity) can
be estimated from Eq. (1). Due to complicated effects
of clouds, we only apply the method for clear skies.
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a. Atmespheric profile data

In order to analyze the algorthm parameters, such
as the normalized base pressure and the temperature
lapse rate, and to determne the coefficients, we used
the 60-level sampled database of the European
Centre for Medium-Range Weather Forecasts
{(ECMWF) analysis system [Chevallier, 2001]. The
database was produced by the ECMWTF 40-vear re-
analysis assimilation system with the 3-dimensional
variational scheme described by Courtier er al.
[1998]. The profiles are selected for a period from
January 1992 to December 1993, The total sampled
database consists of about 13,500 profiles, and pro-
vides information on temperature, water vapor,
ozone, and cloud at 60 pressure levels from 1013.12
to 0.1 hPa. This database 15 used to simulate bright-
ness temperatures for the water vapor channels, and
to determune the algonthm coefficients. As we are in-
terested m UTH for clear skies, we only collected pro-
files without clond contamination. We exclude those
data with the dew-point depression smaller than 2 K
(relative hummdity larger than about 90%) n any
place of the profile. This process elinunates most cas-
es, and provides us about 1,200 atmosphernic profiles.

b. Algorithm parameters

In the denvation of Eq. (1), SB93 assumed that the
central pressure of the upper troposphere 15 300 hPa
with the temperature of 240 K. The normalized base
pressure, p, = p(240 K) /300 hPa _ is the pressure
of the 240 K 1sotherm. normalized by the reference
pressure of 300 hPa. This factor accounts for the dif-
ference of central pressures between the model at-
mosphere and the real profile. Figure 1 shows the var-
1ations of the normalized base pressure with respect
to latitude for each month obtained from about
13,500 atmospheric profiles of the ECMWF rean-
alysis system. The solid lines are the polynonual fits
of the normalized base pressures. The base pressure
tends to increase with latitude. The value ranges from
about 0.9 to 1.5. The tendency and the range are 1n
good agreement with those obtamed by Soden and
Bretherton [1996]. who used 4-vear climatology

from ECMWE reanalvsis data.

The temperature lapserate. F=p/TxdT/dp is
the non-dimensional parameter, describing the tem-
perature structure of the simplified upper troposphere.
Figure 2 shows the vanations of the temperature
lapse rate with respect to latitude for each month. The
fitted temperature lapse rates, indicated by the solid
lines, are smaller than about 0.18 at latitudes higher
than 30°, while about 0.2 at lower latitudes. The
standard deviation 1s larger at high latitudes and in
the winter season. Recently, using the National
Center for Environmental Prediction (NCEP) rean-
alysis data, Huang et al. [2004] analyzed the temper-
ature lapse rate with respect to season in the East
Asian region. They also determined the vanations of
the temperature lapse rate with latitude. The results
are nearly identical to those of the present study.
However, we did not take into account the vaniation
of the temperature lapse rate, because the vanability
of the normalized base pressure 1s sigmficantly larger
than that of the temperature lapse rate, resultingin a
larger dependence of the I; ; variation on the P, varia-
tion [Soden and Bretherton, 1996].

c. Sensifivity of the water vapor channel

The brightness temperature of the water vapor
channel 1s very senstiive to humidity i the upper
troposphere. Figure 3 indicates the sensitivities of the
brighthess temperature to the variation of the relative
humidity i various layers for several different
latitudes. Shown are the sensitivities for September.
The sensitivity, also defined as the weighting func-
t1ion, has been calculated using the Radiatrve Transfer
for Tiros Operational Veriical Sounder (RTTOV)
[Saunders et al., 1999] forward model for simplified
model atmospheres, whose temperature lapse rates
are those indicated by the solid line in Figure 2(1).
Pressure levels are separated by the relation of
Aln p(=dp/ p)=0.04 from 1000 to 100 hPa. The
peak of sensttivity 1s located at around 300 hPa at low-
er latitudes, and 1t moves downward with increasing
latstude to 500 hPa. In the present study, the weighting
functions are prepared for each month at every 5°
latritude.
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Fig. 1. The latitudinal variaticns of the normalized base pressure for (a) January, (b) February, -+ etc. The solid line in
each panel 15 a polynomial fit for the normalized base pressures.

d. Algorithm coefficients GOES-9. Thus, the algonthm coefficients for COMS
would be simlar to those of GMS-5 and GOES-9, un-

Information on the water vapor channels of COMS,  less the relative spectral response of the channel 1s
GMS-5, and GOES-9 are summarized in Table 1. sigmficantly different. However, determiming the
The proposed band center and the band width of the  comrect algonthm coefficients 1s important, since the
COMS channel are identical to those of GMS-5and ~ magmtude of retneved UTH from a particular bright-
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Fig. 1. The latitudinal variations of the temperature lapse rate for (a) January, (b) February, ++* etc. The soild line in each
panel is a polynomial fit for the temperature lapse rate.

Table 1. Charactenistics of the water vapor channel of COMS, GMS-5, and GOES-9_In the case of COMS, the specifica-

tions are proposed requirements.
Satellite COMS GMS-3 GOES-2
Band Width (lm) 6.5~7.0 6.35~7.0 6.3~T7.0
Band Center (Jin1) 6.75 6.75 6.73
IFOV (llrad) 112 = 112 140 = 140 224 = 224
Detector Type HgCdTe HgCdTe HgCdTe

= 0.85 at 220 = 1.30 at 220
NEAT () < 0.12 at 300 < 0.22 at 300 = 0.18 21 230

=7h7 1?1 dHH

. R Code: NMSC/SCI/ATBD/UTH
v seT35/lT Issue: 1.0 Date:2012.12.21
ot = | H A File: NMSC-SCI-ATBD-UTH_v1.0.hw
wppsgn  EHEIE JlE EAN LT i
31 August 2007 Joong-Hyun Park ef al
(a) Jan (®) Feb (] Mar

_28_




’ AI-EA§7| ot Code: NMSC/SCI/ATBD/UTH
ooTo o Issue: 1.0 Date:2012.12.21
O} = A H A File: NMSC-SCI-ATBD-UTH_v1.0.hw
wpwaes|  SLEIE ZlE AN RS °
[} JOURMNAL OF THE KOEEAN METEOEROLOGICAL SOCIETY

ness temperature depends on the coefficients. In ad-
dition, retrieved UTH 1s systematically biased when
improper algonthm coefficients are used [Soden and
Bretherton, 1996].

In order to determine the algonthm coefficients.

[
i

11|
T

Pressure (hPa)

1000 - 1 L !
0.02 0.04 0.06
Welghting function

D.08

Fig. 3. Normalized sensitivities of the water vapor channel
as a function of the latitude. The sensitivities are calculated
at 5% latitude interval

5 a = 36.478
b =0.135
Cor = —0.962

In(F po/cosé)
w

o]
230

240 250 280
Brightness Temparature (K)

270

Fig. 4. Scatter plots of (TP /cos8) versus brightness temperatures of the 6.7 pm channel for (a) GOES-9 and (b) GMS-5.
Algorithm coefficients are determined using the least-sguare method. In each panel, the solid line is the linear fit, and

the brightness temperature for each atmospheric pro-
file of the ECWV[WTF sampled database, selected to be
clear sky, has been calculated vsing the RTTOV for-
ward model for the water vapor channels of GMS-5,
and GOES-9. For COMS, we used line-by-line radia-
trve transfer model to simulate the brightmess temper-
atures assuming the boxcar spectral response function.
The corresponding mean relative humidity, the tem-
perature lapse rate for the layer from 500 to 200 hPa,
and the normalized base pressure were also analyzed.
Figure 4 shows the scatter plot of In(7 p_ /cos8)
versus T, for GOES-9 and GMVS-3. The algorthm
coefficients, the intercept and slope of the linear re-
gression, can be determined from the scatter diagram.
Results for the three satellites are summarnzed in
Table 2. Consequently, the UTH (1.2, mean relative
hunudity weighted by the sensitivity function) esti-
mation relationstup for the water vapor channel 15 ex-
pressed as

UTH = ﬂ-:-xp(z;r +bT,.) . @)
2,

o

When the brightness temperatures from COMS

In(F po/cosf)

0 1 1 1 1
230 240 250 280
Brightness Temperature (K)

a. b, and Cor are the intercept, the slope, and the correlation coefficient, respectively.

=7h7 1?1 dHH

_29_



P )\I-EA§7| ot Code: NMSC/SCI/ATBD/UTH
u coTo lo Issue: 1.0 Date:2012.12.21
(o] = A H A File: NMSC-SCI-ATBD-UTH_v1.0.hw
wpaes  SUEIE JlE AN 0T g
31 Augpst 2007 Joong-Hyun Park et al. 7

are available, the relationship can be used to estimate
UTH amounts. As mentioned earlier, if ground truth
measurements, such as LIDAR and radiosonde ob-
are accumulated for a long peniod, better algonthm
coefficients could be determined.

3. Results and discussions
a. Example cases of UTH retrieval

Retrievals of UTH have been done usmg the
brightness temperatures of GMS-5 and GOES-9 to

Table 2. The algorithm coefficients, intercept a and slope b, determined for COMS, GMS-3, and GOES-9 using the profiles

of ECMWF reanalysis data.
Satellite COMS GMS-3 GOES-9
a 35285 35.105 36.478
b -0.131 -0.126 -0.135
(b) ET1 0 An) X 18 Ly
265 = Th,
q" 1l
260 - 'J \!¥

A N

Fig. 5. Brightness temperatures of the water vapor channel (left-hand panels) and retrieved UTHs (night-hand panels)

using geostationary satellites data. (a)-(b) For GOES-9 at 0001 UTC on 4 July. and (c)-(d) at 0001 UTC on 11 August

2004. (e)(f) For GMS-5 at 1230 UTC on 20 July, and (g)-(h) at 1230 UTC on 6 August 2002 . White areas in the right-hand
cloud-co i

panels denote ntaminated pixels.
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examine and validate the algorithm for the summer
season (July, August, and September) from 2000 to
2002 and from 2004 to 2005, respectively, for the East
Asian region. Figure 5 shows four example cases.
Shown are the brightness temperatures (lefi-hand
panels) of the water vapor channel and the retnieved
UTHs (right-hand panels) for GMS-5 and GOES-9.
Upper two panels are for GOES-9 at 0001 UTC on
4 July and 11 August 2004, respectively. Lower two
panels are the cases for GMS-5 at 1230 UTC on 20
July and 6 August 2002, respectively.

We are interested i UTHs for clear skies, and
cloud contaminated pixels are eliminated in the re-
tneval procedures using a twofold cloud screemng
method: (1) threshold cloud test and (2) thin cirrus
test. Threshold test makes use of brightness temper-

CuS=0 Tyr [K]

ature of the 11 pum channel [Soden et al_, 1994], and
those pixels with lower than a prion determined
brightness temperature are considered to be clouds.
We used threshold values of 280 K and 285 K for
GMS-5 and GOES-9, respectively. This simple
method could elimnate most of cloud contammated
pixels. Subsequently, using tabulated differences of
brightness temperatures between 11 and 12 pm chan-
nels for a given 11 pm bnghtness temperature, thin
cirus test can elimunate muddle- and high-level
cloud, particularly thin cirmus [Saunders and Knebel,
1988]. InFigure 5, the cloud contarmnated pixels are
indicated by white color in the retrieved UTH field.

In the retnievals, the base pressures were de-
termmed from the polynomial fit shown m Figure 1.
The UTH retneval algorithm based on SB93 appears

BWS—8 UTH [T]

Gus=8 UTH [x]

Fig. 5. Confinued.
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to be operating well m the region. Warmer (colder)
brightness temperatures correspond to a drer (moister)
upper troposphere. Note that hugh values of UTH
around cloud edges are caused by imperfect screen-
ing of clouds, not by errors i the algorthm.

b. Comparison with radiosonde sounding

In order to validate the retrieved UTHs, we com-
pare with UTHs determined from atmospheric pro-
files of radiosonde measurements. Sounding data, at
0000 and 1200 UTC. are collected from the Global
Telecommunication Systems (GTS) arcluves for the
summer season (July, August, and September) from
2000 to 2002 and from 2004 to 2005 n the East Asian
region. GMS-5 brightness temperatures at 2330
UTC and 0030 UTC, and those at 1130 UTC and 1230
UTC are collected. For GOES-9, dataat 0001 UTC
and 1201 UTC are collected for the comparisons. We
use the linear time interpolation to obtain the bright-
ness temperatures of GMVS-5, for instance, at 0000
UTC using data at 2330 UTC and 0030 UTC.
However, we do not apply the time mterpolation for
GOES-9. We select data for clear skies using collo-
cated brightness temperatures of 11 and 12 pm chan-
nels as well as dew point depressions of the soundmng
data. Furthermore, we exclude those data with spu-
rious values 1n the profile and with top pressure larger
than 250 hPa [Knabb and Fuelberg, 1997]. Figure 6
reveals 60 sounding stations whose data are used for
the validation.

For the comparison, area mean of the brightness
temperatures around the radiosonde station was used
m the calculation of UTH. In the present study, bright-
ness temperatures within the radivs of 18 km
(approximately 99 pixels) from the station were
averaged We excluded those data with more than
10% of the 99 pxels bemng contammated by clouds.
About 80 data of clear skies for the summer season
n 2000~-2002 were prepared for GMS-5, and about
120 data 1n 2004~2005 for GOES-9.

Comparisons of retreved UTHs with those de-
termined from radiosonde profiles, 1., the weighted
mean relative humidity by the sensttivity function of
the water vaper channel, are shown 1n Figure 7 for

110 115 120 125 130 135 140 145

110 15 120 12 130 138 140 148

Fig. 6. The locations of 60 radiosonde stations in the East
Asian region used for the validation.

GOES-9 and GMS-5. Note that the sensitivity profile
changes with latitude, and consequently the pressure
range of UTH varies with latitnde. UTH corresponds
to the relatrve hunudity from 500 to 200 hPa at low
latitudes while it corresponds to the relative hnmidity
from 550 to 250 hPa, for instance, at 50~55°N. When
calculating the radiosonde UTH, we only take into
account the hurmmidity data up to the top pressure of
radiosonde data when the top pressure 1s larger than
200 hPa. Tlus, for many cases, results 1 a wet bias
of radiosonde UTH, as the dry upper part of the UTH
laver 15 nof taken nto accounted. Nevertheless, re-
trieved and observed UTHs are m agreement within
about 5.3% RMSD with the correlation coefficient
of 0.82 for GOES-9 and within about 7.5% with the
correlation coefficient of 0.90 for GMS-5. These are
comparable to the results of Soden er al. [1994], who
reported about 8.9% RMSD when compared to ra-
diosonde data. However, the comparison shows
some different features. In particular, bias of the re-
trieved UTH is small in the case of GOES-9, but 1t
1s much larger in the case of GMS-5; the biases are
-0.88 and -6.13%, respectively, for GOES-9 and
GMS-5.
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TIn order to examine the reasons, we first compare
the measured bnghiness temperatures with the calcu-
lated wvalues for both satellites, and the results are
shown in Figure 8. Forward calculation of the radi-
ances has been done by RTTOV using the radiosonde
profiles_ In the calculation of the brightness temper-
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atures, the humidity at altitudes above the top of ra-
diosonde data was filled by a neghgible amount (eg.,
00029 g kg_l), and air temperatures was smoothly
comnected to Middle Lattude Summer profile

[McClatchey et al., 1972]. Sumlar procedures of the
filling have been used by Soden et al. [1994] and

(b)
70 T T T 1 F 1 T3 T .T1T%5
60 o
o Y
¥ so0r 3 i g
T r .. 1
E il "yl ]
s | & e |
§ 30t -
"
2 r » ]
B 20f .
e E Bias =-6.13% |
10" RMSD = 7.48% |
L Cor = 0.90
[0 ) T T S M S S S

0 10 20 30 40 50 80 7O
Retrieved UTH from GMS-5 (%)

Fig. 7. Comparison of the retrieved UTHs with those of radiosonde soundings in the summer season. (a) For GOES-9
from 2004 to 2003, and (b) for GMS-5 from 2000 to 2002. The dotted lines are the linear fits of the data.
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Fig. 8. Scatter plots of satellite-measured brightness temperatures for the 6.7 m channel versus calculated brightness
temperatures from RTTOV using radiosonde profiles in the summer season. (a) For GOES-9 from 2004 to 2005, and
(b) for GMS-3 from 2000 to 2002. The dotted lines are the linear fits of the data.
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Soden and Lanzante [1996]. Tlus filling nught cause
some errors 1 the simulated bnightness temper-
atures, and the effect will be discussed in the sub-
sequent section. The comparison indicates that cal-
culated brightness temperatures for GOES-9 tend to
be warm by about 2.2 K. This 1s comparable to the
systematic warm bias of 2.6 K reported by Salathé
and Smuth [1996], who compared the calculated
brightness temperatures by Line-By-Line Radiative
Transfer Model (LBLRTM) and the measured
brightness temperatures of the GOES-7 water vapor
channel. In the case of GMS-3, the bias is relatively
small (about 1.1 K) but i the opposite direction. In
addition. the simulated brightness temperatures tend
to be smaller (larger) above (below) about 250 K. The
discrepancies between the measured and the simu-
lated brightness temperatures could be originated
from errors in the measured data and emors m the for-
ward calculation of radiances. However, since the
bias of the brightness temperature due to the degrad-
g of the satellite sensor could be corrected, the large
bias m the case of GOES-9 has to be come from emrors
n the simulated brightness temperatures. In the fol-
lowmgs, possible sources of the discrepancies are
discussed.

(a)
270 T T T
. 2601 Y —
=
~
B
=
E 250 T
2
3
o
(=]
2 240 F Bigs =-1.99% 4
RMSD = 2.30%
Cor = 0.96
230 1 1 1
230 240 250 260 270

Calculated Tgz (K)

b.1 Emors in radiative transfer models

Soden er al. [2000] recently mter-compared 23 rad:-
ative transfer codes used i the UTH retrieval. They
found that brightmess temperatures of most of coarse-
resolution narrowband models (e.g. MODTRAN,
Streamer) and parametenzed single-band models (e g,
OPTEAN, RTTOV) show good agreement with those
of LBLRTM within 1 K. They concluded that vanious
forward models give reliable and consistent results.

We do not expect the RTTOV model, used in the
present study, canses the discrepancy of about 2 2
for GOES-9. Remaining possibility 1s the errors
the atmosphenc profiles used for radiance calculations.

b.2 Emors caused by the filling of nunidity

The filling of a small constant humidity at altitudes
above the top of radiosonde data used for RTTOV
simulations could cause the differences between
measured and simulated bnightness temperatures. In
order to exanune the effects of the filling, we replaced
the humidity of ECMWTF profiles above 250 hPa by
a small amount (0.0029 gk g’l]. Then, we calculated
brightness temperatures again. Comparison of the re-
sults with the brightness temperatures of the oniginal
ECMWE profiles 1s shown in Figure 9. The vertical

{b)

2?[} T T T
__260f .
x
&

E 250 b
3
3 -
B
a
© Lol Bias =-1.13% |
) RMSD = 1.32%
oL Cor = 0.98 .
230 1 1 1
230 240 250 260 270

Calculated Tgz (K)

Fig. 9. Scatter plots of caleulated brightness temperatures using ECMWTF reanalysis data and those using the filling of
humidity by a small amount above 230 hPa. (a) For GOES-9, and (b) for GMS-5.
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axis (mdicated by T*) 1s the brightness temperature
for the data with the filling. General features are very
similar to those shown in Figure 8 for the case of
GOES-9. The difference mncreases as the brightness
temperature decreases. The RMSD and bias are very
similar. This result indicates that the filling results in
warm bias of simulated brightness temperatures.
However, the filling of the humidity does not account
for the differences for GMS-5.

b.3 Errors in humidity data

Another possible source of errors in the simulated
brightness temperatures 1s the uncertainty in the ra-
diosonde humidity data. Several different types of ra-
diosonde sensor have been used for the upper-air sys-
tem 1n the East Asian region (WMO Monitoring re-
ports, http:/www wmo.mtweb/waw/ IMOP/ mon-
rioring html). Korean stations have used RS80-H
sensors manufactured by Vaisala and VIZ type sen-
sors by Jinyang. Most of Japanese stations have used
MEIR 80 or MEIR91 manufactured by Metset, while
Chinese stations have used SHANG sensors manu-
factured by Shanghai. Uncertamties in the humidity
data of these sensors are vanables. Ferrare ef al.
[2004] showed that relative humidity measured by
RS80 type sensors 15 dry biased by up to 20% n the
upper troposphere when compared with that of
LIDAR data. Recently, Miloshevich er al. [2006] -
dicated that data of RSB0 type are drier by 10-~-20%
compared with those of Cryogenic Frostpomnt
Hygrometer. Other types of humudity sensors reveal
dry bias m commeon, although MEIR type has a small-
er bias than RS80 type [Wang er /., 2002; Nakamura
et al_, 2004].

In the present study, we have not comrected the dry
bias of the sensors. Therefore, the dry bias of the hu-
mudity data could contribute, at least partially, to the
warm bias of calculated brightness temperatures as
indicated i the case of GOES-9. Effects of the dry
bias are not evident in the case of GMS-5. It 1s worth
to mention that UTH values shown in Figure 7 in-
clude two different error sources; the wet bias due to
ignonng of atmosphenc layers above the top of radio-
sonde data, when the top pressure 1s larger than 200
hPa, and the dry bias of the humidity sensors.

b.4 Emrors of the GMS-5 water vapor channel

The comparson of brightness temperatures for
GMS-5 (shown in Fig. 8(b)) shows a different bias
from that of GOES-9. Unlike the result for GOES-9,
the drv (warmm) bias m the simulated brightness 1s not
evident. The validation results in Figure 7(b), how-
ever, show that the retneved UTH values are smaller
by approximately 6.1% than those of radiosonde
observations.

We expected that the sinmlated brightness temper-
atures of GIVS-5 behave like those of GOES-9, since
radiosonde data used for the simulation of bnightness
temperatures are 1n the same quality for both
satellites. Nonetheless, the brightness temperatures
of GMS-5 are warmer than the simulated values by
about 1.1 K. Bréon et al. [1999] reported sinular ab-
normal trend of GMS-5. They showed that the filter
function of the water vapor channel 15 shifted by
0.013 pm, resulting in larger transmittances. Using
the forward simulations with the corrected and the
orginal spectral filters, which we used in the present
study, they concluded that the original spectral re-
sponse of the GMS-5 water vapor channel gives
about 1 K warm-biased results. However, the error
of the spectral response function does explain the dif-
ferences between the simulated and the measured
brightness temperatures, in particular, the cross over
at 250 K. Tt needs more detailed study to account for
the reason. We would like to point out that measured
brightness temperatures of the GIMS-5 water vapor
channel behave differently from those of simulated
brightness temperatures. Therefore, the UTH algo-
rithm coefficients determuned from the simulated
brightness temperatures would be incorrect. This 15
the reason why the retneved UTHs from GMS-5 data
shown in Figure 7(b) are considerably different from
the UTHs of the radiosonde data.

c. Algorithm coefficients modified

One way to improve the retrieval algorithm is to
determine the coefficients using the satellite-meas-
ured brightness temperatures and 1n situ measure-
ments of UTH. This procedure can be applied to
GMS-5 data, even 1if the dependence of brightness
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temperature on UTH is different from that estimated
by calculated brightness temperature. In the present
study, new sets of algonthm coefficients for GMS-3
are determined from the measured brightness tem-
peratures and the UTHs from radiosonde profiles in
Tuly, August, and September from 2000 to 2001. The
wmitercept and slope are 25.421 and -0.087, respectively.
The new algonithm coefficients are used to retrieve
UTHs for the same summer period in 2002. Figure
10 shows the comparison of the retrieved UTHs with
those of radiosonde data, along with the comparison
of retrieved UTHs calculated from the ECWMWE-
based coefficients. The RMSD decreases down to
about 4.3%. even smaller than the RMSD for
GOES-9 in Figure 7(a). This 1s a considerable im-
provement, even though uncertamties are contained
1 the measured UTHs. The resuli suggests that de-
termining the algorithm coefficients from the satel-
lite-measured brightness temperatures and in situ
measurements of UTH 1s a practical measure for the
UTH retrieval algorithm.

4, Summary and conclusions

For the usages in COMS Meteorological Data
Processing System (CMDPS), we have tested the
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UTH retrieval algorithm based on SB93 and com-
pared the results with the UTHs of upper-air sound-
ings for the summer season in the East Asian region.
The algonthm parameters, such as the normalized
base pressure and the temperature lapse rate, were an-
alyzed using the profiles of ECMWF reanalysis, and
the algonthm coefficients, suitable for the water va-
por channel of GOES-9, GMS-5 and COMS, were
deternuned. We have produced UTHs for cloud-free
skies using the 6.7 um channel data of GMS-5 and
GOES-9 n the summer season, respectively, from
2000 to 2002 and from 2004 to 2005 In order to vali-
date the retrieval results, we compared the results
with the UTHs of radiosonde observations collected
from the GTS database.

Companson results for GOES-9 showed that re-
tneved UTHs are m good agreement with radiosonde
UTH values. However, retrieved UTHs from data of
the GMS-5 water vapor channel showed a systematic
dry bias of about 6.1% compared to those of radio-
sonde observations. This would be another evidence
of errors in brightness temperatures of the GMS-56.7
um channel. Bréon ef al. [1999] found about 1 K cold
bias of the GIMS-5 water vapor channel, and showed
that the origin 1s the errors i the channel spectral
response. It has been noted that a large dry bias of re-
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Fig. 10. Scatter plots of the retrieved UTHs versus those of radiosende stations in the summer season of 2002 for GMS-5.
(a) Using the new algorithm coefficients. and (b) using the algorithm coefficients determined from ECMWF reanalysis data.
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tneved UTH from GMS-5 data can be attributed to
improper algorithm coefficients, determimed from
simulated brightness temperatures for the channel.

In order to improve the performance, we suggest
that the algonithm coefficients are to be determined
from the satellite-measured bnghtness temperatures
and UTHs of radiosonde measurements for GMS-5.
Unlike the GOES-9 case, the dependence of GMS-5
brightness temperature of the 6.7 pm channel on
UTH is different from that of theoretical calculation.
The new algonthm coefficients improve the accu-
racy significantly; RMSD decreases from 7 48% to
4.32%. This improvement imphies that determining
the algorithm coefficients from satellite-measured
brightness temperatures and in situ measurements of
UTH 15 a practical measure for the operational
purposes. We expect the retneved UTHs from the
COMS water vapor channel data will give sinmlar
performance like GMS-5 and GOES-9, since the
charactenistics of the three water vapor channels are
ahke.
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