10

15

20

25

30

Assimilation of GPM-retrieved Ocean Surface Meteorology Datfor
Two Snowstorm Events during ICEPOP 2018

Xuanli Lit, Jason B. RobertsJayanthi SrikishefyJonathan LCasé, Walter A. PetersenGyuwon Le€,
and ChristopheR. Hair?

tUniversity of Alabama in Huntsville, Huntsville l#&bama USA
2NASA Marshall Space Flight Center, Huntsvilldahama USA
SUniversities Space Research Association, Huntsvillabama USA
4ENSCQ Inc/NASA SPoRT Centetuntsville,Alabama USA

SKyungpook National University, Daegu, Republic of Korea

Correspondence toXuanli Li (xuanli@nsstc.uah.edu

For publication inGeoscientific Model Development

Abstract. As acomponent othe National Aeronautics and Space AdministratiblAGA) Weather Focus
Area andGlobal Precipitation Measuremer®®PM) Ground Validation participation in the International
Collaborative Experiments for PyeongChang 2018 Olympic and Paralympien@&ames (ICEPOP 2018)
field research and forecast demonstration progrdrosgrly oceansurface meteorology properties were
retrieved from th&PM microwave observations for Januafylarch 2018In this studythe retrievedcean
surfacemeteorological products 2-m temperature, -2n specific humidity, and * wind speedwvere
assimilaed into a regional numerical weather prediction (NWP) frameworkxplore the application of
these observatiorfer two heavy snowfall eventduring thel CE-POP 201827-28 Februaryand7-8 March
2018 The Weather Research and Forecasting (WRF) model anaddhenunity Gridpoint Statistical

Interpolation (GSI) were used to condbdah resolution simulations arthta assimilatioexperimentsThe

resulsindicate that thelata assimilatiomas a large influence on surface thermodynamic and wind fields in

the model initial conditiotior both eventsWith cycled data assimilatiosjgnificantly positive influenceof
the retrievedsurfaceobservationwas found for the March casa&ith improved quantitativeprecipitation
forecastandreducederror intemperaturdorecast A slightly smalleryet positive impact waalsofound in
the forecast of thEebruarycase.
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1. Introduction

Cold season storms make great contributions tgltitgalwater cycleandinfluence local water supplies for
household, agriculture, and manufacturing uses. In additiomemwsports tourism involving outdoor
activities such as skiing, snowboarding, snowmobiling, ice fislettg,is a large market segment for mid to
high latitude regins.On the other handazardous winter weatharcludingblizzards, ice storms, freezing
rains, and heavy snow, often disrupt transportatdfiect outdoor activitiessause delays and closures of
airports, government offices, schools, and businessadii@e widespread and extensive property damages,
losses of electricity, and present hazards to human health and even loss of life (CH20@%8007; Cal)
2010;FEMA, 2021, NOAA NCEI, 202).

Accurate and timely forecast tfe onset, duration, intensity, type, and spatial extent of precipitaton
major challenge iwinter weather forecastg (Garvert et al.2005 Ralph et al.2005, 2010; Novak and
Colle, 2012). These are especially important facterffor providing suppd to ensure the success loghly
weathersensitivevenues, such as tlenter Olympic and Paralympic games that were held in South Korea
during February and March 201Blany factors can contribute to the development of winter precipitation,
including synoptic forcinde.g., warm advection, differential vorticity advectiostyong baroclinicity in the
presence ofmoisture sourcege.g., near coastlines), and laigmale environmental instability in the warm
sector of a midatitude cyclone For regions that contain complex terramproximity to large bodies of
water(such as the Korean peninsyliacal circulatiors andair-sea interactionalso play important roles in
determining the phase and amount of precipitaidniol et al, 1995;Kain et al, 200Q Schultz et a].2002;

OO0 Har a20@tAlcadt hnd Steenburgl2010;Novak and Colle2012;Schuuret al, 2012;Novak et al.
2014; Roller et a).2016).

In Korean peninsulatheweather and climate regime during the winter months is largely driven by the
seasonal reversal of winds across eastern Asia and the western North Pacific Ocean from predominant
south/soutkhwesterlies during the boreal summer months, to northieashelies during boreal winter
(Chang et al. 2006). The east Asian winter monsoon (EAWM) months are considered between Novembe
and March, and largely drive the temperature and precipitation patterns across Korea. The dominant weath
features associated withe EAWM consist of a strong low pressure in the Aleutian region of Alaska,-a cold
core SiberiarMongolian High, and lowevel northeasterly winds along the Russian east coast. Variability
in the strength of the EAWM (described in Zhang et al. 1997) has berrelated to El Niflo/Southern
Oscillation phase (where La Nifla [El Nifio] corresponds to stronger [weaker] EAWM), and snowpack
anomalies during the Autumn/Winter across Siberia, eastern Russia, and northeastern China (positiv
snowpack anomalies lead stronger EAWM). A stronger EAWM corresponds to strong Aleutian lows,

SiberianMongolian highs, a stronger subtropical jet stream across eastern Asia, and deeper troughs in easte
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Asia (Chang et al. 2006). Lee et al. (2010) found that, contrary to espesiatorm track activity is reduced
during stronger EAWM and increased during weaker EAWM years.

Due to the prevailing EAWM regime, the Korean peninsula can feel the effect of severe winter weather
in the form of rapidlydeepening midatitude cyclonesand occasional cold surges from the Siberian
Mongolian sempermanent high. Bomb cyclogenesis is most common along the Japanese coastline, bu
because of the Korean peninsulads proximity to
baroclinicity can develop between the cold continental polar air over land and the warmer waters that provide
abundant fluxes of heat and moisture into the atmosphere. Therefore, rapid deepening of cyclones can al:
occur in the vicinity of the Korean peninsula. Ieithsatelliteera climatology of east Asian extratropical
cyclones, Lee et al. (2020) showed that the Korean peninsula feels the influence of extratropical cyclone
originating in three preferred regions: Mongolia, East China, and the Kuroshio curregt th®on
southern/eastern coast of Japan. Using reanalysis data back to 1958, Zhang et al. (2012) found similar resu
in terms of the common cyclogenesis regions affecting eastern Asia. Yoshiike and Kawamura (2009) founc
that while bomb cyclogenesis occudrslightly more frequently during weak EAWM years, it was more
concentrated along the sotghstern Japan coast during strong EAWM, owing to larger heat fluxes over the
Kuroshio current.

Locally-intense mesoscale cyclones have also been documentedther&&a of Japan, developing in
response to polar outbreaks over the warmer waters in conjunction with the complex terrain along and nort
of the Korean peninsula. Tsuboki and Asai (2004) describe the process of strong convergence forming ea
of the Koran peninsula with substantial sensible and latent heating from the Sea of Japan leading to the
formation of these mesoscale cyclones. Intense Sea of Japan cyclones can cause substantial wave acti\
and subsequent coastal damage along the east coaseaf(Kee and Yamashjtz011; Oh and Jeong014
Mitnik et al., 201}, in addition to significant snowfalls across Korea. Clearly, an accurate representation of
air-sea interactions in NWP models is important when forecasting the impacts of winter syatahe
accompanying heavy snowfalls across the Korean peninsula.

Numerous wdies showed thah situ and remote seed observation$or surfaceconditiors andthe
upperatmospherecan provide a better description for both stormscale processes andrgescale
environmentseadng to improved precipitation forecafZupanski et al., 200Z ucurull et al., 2004Zhang
et al, 2006;Fillion et al., 2010Hartung et al.2011 Hamill et al, 2013 Salslo andsreybush2017 English
et al, 2018; Zhang et 3l2019. In South Korea, data assimilatialsoindicatedsignificant benefifor winter
forecast Kim et al, 2013; Kim and Kim 2017;Yang and Kim 2021). For example, Kim et al. (2013)
demonstratethe assimilation of theonventional surface and upper air observatiamsraft andmultiple

satellite observationslocated upwind or in the vicity of the Korean peninsulanto the Korea
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MeteorologicalAdministration (KMA) Unified Model The result bowed largedecreasgin the forecast
errorfor the 24, 36-, and 48h forecastf astrongwinter storm event

It is indicated that better representation ofs@a interaction from the ocean can provide benefit to the
forecast of winter storms occurr@dthe downstream regions. For examplegvey et al. (2018howeda
significantredudion in forecast error whedropsondebservations over Pacific Ocean were assimilated for
winter storms in western United Stat@fierefore it is of greatinterest to assimilate the observations over
oceas surrounding the Korean peninsaliad examine their impaaté winter storms affecting the peninsula
However,regularobservation®vertheseoceansare limited toonly a fewbuoys satellite observationand
retrieved productshat canprovide abroadspatial coverage with regular revisit the data sparse reg®n
may be of substantial benefit

In support of thelnternational Collaborative Experiments for PyeongChang 2018 Olympic and
Paralympic Winter Games (IGEOP 2018) field campaigspecial efforts were made to generate a set of
nearsurfaceocean meteorology conditisrf2-m air temperature2-m specific humidity, and0-m wind
speed usingthe Global Precipitation Measurement (GPmicrowaveobservatios from January to March
2018 In the satellitebased surface flux community (e.gee Curry et al., 2004), significant efforts have been
undertaken to estimate the naarface meteorology from passive microwave observations to support the
development of turbulent flux estimates from space. In particular, efforts have been madeste 2sti air
temperature and humidity (e.g., Jackson et al. 2006, Roberts et al. 2010, and Tomita et al., 2018) t
complement longtanding wind speed estimates from microwave observation. However, the aforementioned
efforts have almost explicitly focused largescale production of the fluxes for climatological analyses with
long latenciesOn the other handhe surface retrieval products essentially provide similar measurements to
those of buoys and generally with accurate performance. There is adatagé of assimilating ocean
surface buoy measurements within a data assimilation framework, but there has been little effort focused o
assimilating the surface retrievals. This is lyadue to a lack of a rediime availability of these estimates
and martly due to the focus on radianbased assimilation system. The EBP2018campaign provided a
unique opportunity with neaeal time passive microwave estimates of surface meteorology and a heavily
observed regional environment to test the potentipbict of assimilating widspread observations of near
surface meteorologyn this research, watroducel this particularsurface meteorology datetretrieved
from the GMP microwave observation aexplored the assimilation of this dataset using casfies with
two snowstorm events occurred during the 28P 2018 period.le objectives of the current research are
to demonstrate the influence of this dataset and to examine whether or not the assimilation of this dataset
able to improve the forecasisthe heavy snowstorsin Korean Peninsul@ur focus herein emphasizes the

impacts of assimilation of the surface meteoroldgtaon the corresponding model fields and downstream
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forecastskill. Follow-on efforts willexaminemoreon detailedphysical process€g.g, ocean evaporation,

water and energy budget analyses, etc.) through which the assimilation impacts forecasts.

135 2. Data and Methods
2.1 The GPM RetrievedOceanSurfaceMeteorologyData for ICE-POP 2018
The ICE-POP 2018 fieldcampaignwas lel by the KMA as a component of tWgorld Meteorological
Organization WMO)6 s Wor | d We at h e me(W&RP Rasealth aRd Oeeloment and
Forecast Demonstration Projects (RDP/FDRrder toenhance the capability of convective saalimerical

140 weather prediction modeling anditoprovetheunderstanithg ofthe high impact weather systeriitefield
campaigrtook place during the Winter Olympics (Februaviarch) of 2018n support of the3 Olympic
Winter held in PyeongChang, Korea 825 Februaryand the 18 Paralympic Winter Games 9-18 March
2018which ran in reatime to provide guidance to forecasters during the Olympic Games. Gied$oof
the ICE-POP 2018 wereto collect observationtdo measurehe physicsof heavy snow ovethe complex

145 terrain in the PyeongChang region of South Koaed to improve the predictability ofwinter storm
forecasting During the ICEPOP 2018 remote sensing anieh situ observations were collected witn
intensive instrument netwoikcluding enhancedurfaceweatherstationsradiosondes and wind profilers.
Cloud and precipitation processes were observed faith KMA S-band Doppleradars and an ¥and
Dopplerradar,National Aeronautics and Space Administration (NA®ARI Frequency Dual Polarimetric

150 Doppler Radar (D3R), lidar, Precipitation Imaging Packages (Pliejp Rain Radars (MMR), Microwave
RadiometersParsivel disdrometergtc. An aircraft and amarine weather observinghip also deployed
during the campaigas detailed in Petersen et @l018). Besides the remotgensing data collected by
NASA and KMA, high resolution grountiased in situ observation was alailable The South Korean
Surface Analysis(SKSA) is a product interpolated from the observations collectedhkyenhanced

155 Automatic Weather Station (AWS)etworkin South Korea using mewly developedadial basis function
(Ryu et al., 2020). This datagatovides surface temperature, moisture, wind, pressure, and precipitation
amount over continental South KorearLammbert Conic confianal projecton with 1-km horizontal spatial
resolution and 10nin time interval This dataset was used in this study to evaluate the model performance
and thempact ofthedata assimilation

160 The GPMis an international mission ldry the NASA and the Japanese Aerospace Exploration Agency
(JAXA). The GPMcontainsa network otheGP M i C o r e @ndeglat btleet cbnistell@ion radiometers
(e.g. Special Sensor Microwave Imager/Sounder (SSMIS), Advanced Microwave Scanning Radiometer z
(AMSR-2), Microwave Humidity Sounder (MHS), eicFromthe core satelte and partner research and

operational microwave sensofSPM provides aunified precipitation retrievalen real time and neaeal
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time over a large fraction of the glofid¢ou et al. 2014SkofronickJackson et al. 2017As part oftheNASA
Weather Fous Area and GPM support of the KPIOP 2018 program, neegaktime ocean surface
turbulence flux retrievals were produced based on Roberts et al. (B6ih@) intercalibrated passive
microwave radiometer observations that were produced in sugiploetIntegrated MultSatellitE Retrievals
for GPM (IMERG) precipitation productBerg et al. 2018) While intended to support precipitation
estimation, these brightness temperatures are also capable of supporting the estimation of the marine surfe
metedology 8 wind speed, sea surface temperature, air humidity and tempedattivat are required to
estimate the surface turbulent fluxés this paper, we are interested in these 1sei@iace atmosphere
conditions rather than the fluxe$he microwave imagrs provide information on neaurfacewinds,
moisture, and temperatuessociated with the 10, 18.7, 23.8, 3@&bd 89 GHz vertical and horizonal
polarized microwave channel§hese channels are used togethéh an a priori estimate of sea surface
temperature from the NCEP rdahe global highresolution (1/12°) sea surface temperature (FSB3)
productto retrieve 10-m wind speed, 2n specific humidity, and -Bn air temperatureand sea surface
temperaturesThe retrieval algorithm is based on a siAglger neural network following Roberts et al.
(2010). A large training dataset of standardized ocean buoy observations collocated within 1 hoknand 25
of observations with each microwave sensor was develdjpede data were broken into a trainarglset
aside independent validation dataset witD% and40% split, respectivelyror training data, the data was
split into a training and crosalidation dataset with a 70% and 30% sflliese retrieved parasters were
then used to estimate the surface turbulent fluxes through application ©btpéed OcedrAtmosphere
Response Experime(COARE) 3.5 (Edson et gl2013)bulk flux algorithm Compared to the independent
validation data,lteroot-meansquarg(RMS) uncertaintiesire assessed atl g kg?, 09 K, and1.2 ms? for
surface humidity, temperature, and wind speed, respechasld on the mean statistics computediolM
Microwave Imager (GMI)Advanced Microwave Scanning RadiometeARSR?2), and theSpecial Sensor
Microwave ImagéeiSoundeXSSMIS microwave imagers for which retrievals were developée retrievals
were essentially unbiased against the validation observations.

The GPMretrieved surface observations are generally availabde the oceans arounthe Korean
peninsulawithin 1 h from00, 06, 09, 12,18, and21 UTC on 7-8 March 2018 For February 2-28, the
retrieved data argypicaly availablewithin 1 h from00, 06, 09, 15, 18, and 21 UTC. The coverage of the
retrieval product variewith time due to the geolocation of the microwave imager swathsnostof the

abovementionedtimes, dservationgypically cover ~Z° - 50° N overthe Sea of Japan aiide wedern

I Not all microwave imagers share the same central frequencies. However, each has a comparable channel near each of the bar
listed.

6



195 North Pacific Ocearo the east of JapaAt 09, 18 and 21 UT{Bohai Sea and Yellow Sea to the west of
theKoreanpeninsulaareusuallyobserved or partly observdéigure 1 showan examplef GPM-retrieved
2-m temperature, -Bn specific humidity, ath 10m wind speedat ® UTC 7 March 2018when the
observationsoverthewest part of the Bohai Sea and Yellow Seastpartof theSea of Japan, andestern
North Pacific OceanAs this time cold (< -1 °C) anddry (< 3.0 g kg?) air wasobserved at latitudabove

200 44° Nandwarm (> 17 °C) andmoist (> 10.5 g kg') air at latitudelower than 30° N Observedsurface
temperature ranges fromi 23 °C andsurfacehumidity from 0i 13.5 g kg! over the model domaisurface
wind speed i$ound between © 18 m s'. Low wind centers appeatinear the northern coast of Japane

in central easBea of Japan aride other onén westernNorth Pacific Ocean.

205 2.2 Data Assimilation Systeamd Numerical Experiments
Two heavy snowstorms affeatj the Koreameninsula and ICEPOP field domain on 228 February and-7
8 March 2018 were selected frasestudiesFigures 2 an@ summarize the evolution of surface features for
the two case studies. In batistances, a surface low pressdexeloped to the south and southwest of the
Koreanpeninsula and tracked to the northeast, passing along or just off the Souths&liearn coast,

210 placing the mountainous portions of South Korea, including@hanpics/Paralympics venue, in the
favorablenorthwestern quadrant of the surféoe for heavy snowfallln the 2728 February snowstorm, a
closed 1005Pa low is situated just off the eastern China coastline at 0000 UTC 28 February, to the
southwest of the Korean peninsula, with another closedi@w northeastern China at 1008 hPa (Fig. 2a).
The southern low experienced substantial deepening as it tracked northeastward over the next 24 to 36 hou

215 reaching extreme southern South Korea by 1200 UTC 28 February at 994 hPa irfiensib),(thecentral
Sea of Japan by 0000 UTC 1 March at 987 hPa and absorbing the northern low by tHtgtie®), (and
then into northern Japan by 1200 UTC 1 March at 974 hPa minimum central présgugel)( The 28
February was the warmer of the two snowstomaithy most snow accumulation confined to the mountainous
terrain along the Korean east coast, including the Olympics venue, whereataramow accumulations of

220 ~40 cm were observed (not shown). Gehring et al. (2020) analyzed the warm conveyembigitaptd/sical
characteristics of this heavy precipitation event, using datasets from tHeOER018 field campaign.

Temperatures were slightly colder during th8 Klarch event, resulting in a more widespread snowfall
across the southern and easterndgorpeninsula within the mountains and at lower elevations. Following
the general synoptic snows, a surge of stronger north/northeasterlgvieMwinds off the Sea of Japan

225 affected the Korean east coast and eastern mountains, leading to enhanceddoresigitation and strong
orographic uplift (not shown). The& March extratropical cyclone began as a weak, open wave at 1200

UTC 7 March (Fig. 3a), then deepened to a 10R@a closed low to the southeast of the Korean peninsula at
7
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0000 UTC 8 MarchKig. 3b). The cyclone slowly strengthened over the next 24 hours to 1004 hPa over the
eastern Sea of Japan by 1200 UTC 8 Makab. () and then to 1003 hPa as it tracked northeastward into
northern Japan by 0000 UTC 9 Mardfig. 3d). An elongated meridioh#&rough extended out of the low
pressure center across much of Japan, resulting in a long fetch of north/northeastienhgllovinds across
the Sea of Japan that affected the east coast of Korea during 8 March.

TheAdvanced ReseardWeather Research akR@recasting (WRRRW; Powers et al., 20} ™odel was
used to conduct the regional simulatidmsthe two events The snowstorms were simulated usingested
domains withhorizontalresolution of 9, 3-, and tkm and 62 vertical levelss illustrated in Fig4. The
model physics options include tB®ddardong-waveandshortwave radiation scheme&3hpou and Suarez
1999, Grell-Freitascumulus parameterizatio(ell and Freitas2014), Mellor-YamadaJanjic(MYJ) PBL
schemes (Janjid994),Morrison 2moment microphysical scheme (Morrison et2009)and Unified Noah
land-surface model (Chen and Dudh?®01).The cumulus parameterization was only used for the outer 9
km resolution domain.

In the presenttady, the communityridpoint Statistical Interpolation (GSNu et al, 2002 v3.6system
was usedo assimilate the GPMetrievedoceansurface meteorologgata.The GSI system was initially
developed by the NCEP Environmental Modeling Center (EMC) and is curneaihtained and supported
by the National Oceanic and Atmospheric Administration (NOAA) Development Testbed CenterH{DTC
et al, 2016. The GSI is bui in physical space for a unified, flexible, and efficient modular system for
multiple parallel computing environments and has been implementetiimeahto both global and regional
data assimilation (WuW2005; De Pondeca et a2007; Kleist 2009). The community GSlIs functionally
equivalent to the operational version used in NCH#ie systemreadily incorporatesnultiple types of
observatioal dataincluding conventional dataadar, andatelliteradianceandretrieved products.

The GSI gstem is a3-dimensional variational (3DVARJata assimilation systerfmore detailed
descriptionin Wu et al, (2002). In GSI, the3BDVAR cost function] is definedby the following equation

J=Jp+Jo+Jc=1/2 KB" Ix + (Hx T y)TR" I(Hx T y)] + Jc (1)
wherex is the analysis incrementa(i Xp), Xais analysis fieldsg, is background fieldslc is constraint terms,

B is the background error covariance mataxanalysiscontrol variablesy = yopsT HXp is theobservation
innovation R is the observational error covariance matrix, Bnepresents a transformation operator from
the control variables to the observatia The control variablesn GSlinclude streanfunction, unbalanced
velocity potential, unbalancefttual temperature, nbalanced surface pressuardpseudaelativehumidity.
The background error covariance is an important factor for a successful data assimieiGS| package
comes with precomputed files foB. To obtain a more accurategionaldataassimilation resujtwe used

8
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the figen_beé packagein the WRF Data Assimilation (WRFDA) systetm computea domainrspecific B
using theANMC methoa (Parrish and Derber 1992) withmonthof WRF 24-h and 12h forecass for all
model domainsB matrix providesmodelerror statistiancluding the vertical and horizontal length scales
and regression coefficients fthre control variables

Table 1 lists the numerical experimeatsdcorresponding data assimilation activitpeformed for the
two cases. Wo different numerical experimentgere conducted for each snowstorm evdtdr the March
7-8 case, the control experiment (CTRL_Massimilates theonventionaprepbufrobservatios every 6h
using the prepbufr data obtained frtimeNational Center for Atmospheric ReseafSBICAR) Research Data
Archive (available at http://rda.ucar.edu/data/ds337.0). The conventional data referglob#hsurface and
upper airobservatioroperationally collected by the National Centers for Environmental Prediction (NCEP)
which includes surface, marine surface, radende, pibal and aircraft reports from the Global
Telecommunications System (GTS), profjl&nited Statesradar derived winds, SSM/I oceanic winds and
total precipitable wateretrievals, and satellite wingtportdata from the National Environmental Skite
Data and Information Service (NESDIAnother experimentDA_Mar, assimilate the GPMretrieved
ocean surface temperature, specific humidity, and wind speed obseshatares the conventionalepbufr
data.As shown in Table J1cycled assimilation ofhe GPMretrieved ocean surface meteorology dases
performedat 06, 09, 2, 18, and 21UTC of 7 March andd0, 06, 09, 2, 18, and 21 UT@ Marchbased on
the availability of the retrieval produddoth experiments began at 00 UTAMarch 2018 and ended at 00
UTC 9 March 2018For both experimentshe initialand boundargonditiors of the WRF background field
wereinterpolated from th@.5° resolution Global Forecast System (GR8galysis For the 2728 February
2018 event, CTRL_Feb and DA Feb were conducted with setsingar to CTRL_Mar and DA _Mar,
respetively. Both experimentstartedat 00 UTC27 February2018 and ended at 00 UTiMarch 2018For
DA_Feb, theGPM-retrieved ocean surface meteorology data assemilaed at 06, 09,53, 18, and 21 UTC
of 27 Februaryand 00, 06, 09,3, 18, and 21 UT@8 February 2018.

3. Results
In this section, theaumerical experiments with and withoassimilationof the GPMretrieved surface
products wereompared with the observations collected for the Mar8hand February 228 snowstorm

cases. The impact of the data on initial conditions and-shont forecasts are examined.

3.1. Case study foMarch 7-8 SnowstornkEvent
In order to illustrate the overall distribution of tdPM-retrieved surfacebservations and thaférence

from the backgroundsig. 5ac shows lhe scatterploof 2-m temperature,-2n specific humidity, and 1t
9
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wind speedbservationsvith respect tdhe departures between the observed values and WRF background
(i.e., a positive departure represents a higher value in observation than the A®defreprocess step
before data assimilation, outliers with magnitude of surface temperature departute spécific humidity
departure > 4 g k§ or wind speed departure > 9 rhwere removedAn examination of the locatioof the
data used for the two caseslicatal that a largeportionof the observational datacatedat the south part
of the Sea of Japan and western North Pacific Ocean than the nortfilparobability density functions
(PDF) of the departures @fm temperature,-2n specific humidity, and 2t wind speecreshown in Fig.
5d-f. An apparent skewnes$s the positive sidés shown in the PDF ahe surface temperature departure
(Fig. 5d) with theskewness value of 0.3€. For surface specific humidityhe departure shows a narrower
spread withmostthe valuesranging from-2 to 2 g kg*. The PDF of the surface specific humidity departure
skews to the negative side with tekewness 0f0.48 g kg'. This indicates agenerallycolder model
atmosphere witthigherspecific humidity abceansurface in the WRBackgroundvhen comparedb the
observatios. For surface wind speeahost ofthe departurgalues were withirs and 5 m$ with askewness
of 0.33m s?, respectively

Through data assimilatioptheGPM-retrieved surface observatidirectlyinfluencesthe thermodynamic
andwind fields of theWRFinitial condition Figure6 displayssurfaceconditionof the March7-8 casebefore
and afteithe data assimilation cycle & QUTC 7 March 2018Since specific humidity is not one of the GSI
control variablesand specific humidity is a function of temperature and water vapor mixing th&o
observed specific humidity was converted indétative humidity in Fig. 6 for a more éict view on data
assimilation impactThe difference betweethe data assimilation analysis atfte model backgroundeld
(analysisi background, orA i B0, the increment added to the model field after data assimilatiding. 6¢,
6f, and6i) wascompared witlihedifference betweetheobservation anthemodel backgrounfbbservation
ibackgr o0hnBo,in Figréb, 6, andéh) to indicate thechangesn surfacetemperaturerelative
humidity, and wind speefields by data assimilatiorBeforethe data wasssimilaed surface temperature
in the modebackgroundvas generallycolderthanthe observation ovethe Bohai SeaYellow Sea,Sea of
Japanand a large part afestern North Pacific Oceawhich is reflected byhe areas ogpositiveO 1 B up
to 6 °C(Fig. 6b). After data assimilatioran increase was madesuarface temperature indicated bysitive
AT B overthe oceangFig. 6¢) where positive @ B was foundFromthe plots foisurfacerelativehumidity,
it is indicated thathe modelbackground was more humtidlan the observatiooverthe most area of thifeea
of JapamandwesternNorth Pacific Ocean (Figée). After data assimilation, surfacelative humidityhas
decreasedy up to 20%over a large part dhewestern North Pacific Oceamnd east Sea of Jap&@nly at
westSea of Japaran increasen humidity (Fig. 6f) was createdue to theositiveO 1 B overthe aredFig.

6€). For surface wind speed, the backgroimdpparenthguieterat northern Sea of Japan ahé northern
10
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part ofthe westernNorth Pacific Oceamandgenerally higher than observatitmom central to souther8ea
of JaparandthewesternNorth Pacific Oceamwith latitudebdow 40° N (Fig.6h). After data assimilation, A
T B generally agrees with the pattetmown inO 1 B (Fig. 6i). The Root Mean Square Difference (RMSD)
was also calculated f@ 7 B and Ai B at locations where the observational data is valid. RMSD is°Z,35
8.12%, and 4.16 rg for O B in surface temperature, relative humidity, and wind speed, respeckeely.
AT B,RMSD s 1.36°C, 4.01%, and 1.83 s}, indicating an effective assimilation of theservationatiata
was made to the WREF initial condition

With the initial condition provided from data assimilation, the WRF forecasinbéuring the model
integration some of the changes in the initial conditieereenhanced and some of the changesneduced
by the model dynamic adjustment. Therefore, it is important to understand hoardrigy how muclhe
data impactwill last in model forecastrig. 7a shows the RMSDn surface temperatursurfacespecific
humidity, andsurfacewind speedetween DA _Mar and CTRL_Mar calculated over the entire model domain
for 0-6 h forecast after thiirst data assimilation cycle conductedO® UTC 7 March 2018At 06 UTC,
domainraveragedRMSD is0.45°C, 0.18g kg?, and0.61m s for surface temperature, spic humidity,
and wind speed, respectively. Aftie first hour ofintegration the RMSDshowed a rapidecline t00.33
°C,0.14g kg?, and0.51m s* whichis 279, 22%, and16% reductionto the original value in the analysis
In the next Sho ur s 6 i ,nhese yaluas droppeslowly to 023 °C, 010 g kg?, and0.43 m s,
corresponding t81%, 55%, and70% of the original valuesThis means a strong model adjustment occurred
in the first hour of integration followed kgyslow spreading of the impaat the next few hour8By the end
of the6 hforecastwe can still see a large amount of impact retained in the model fi&dd3b-d provides
the vertical profils of RMSD oftemperature, specific humidity, and wind speattulated ovethe entire
model domainto indicate how the higher vertical levels respond tocthenges irthe surfacecondition
through modeadjustmentProfilesT, Q, and WSPD represettie RMSD values &2 model vertical levels
at 21 UTC and T1, Q1, WSPD1 are for 22 UT®arch 2018After 1 h time integration, FigZb shows a
large decrease inemperatureRMSD at surfaceand low atmospheréfhe RMSD decreasgeclinedwith
height.In mid troposphererdém themodel levell3 (~ 875hPa)to 39 (~ 550 hPajn increase temperature
RMSD was foundSimilar trend was also found in the RMSDs for specific humidity and wind speed.
specific humdlity, Hg. 7c indicateghe 07 UTC forecast hasmallerRMSD in boundary layer below model
level 7 (~ 920 hPa) and aignificanty larger RMSDat levels abovat until level 50(~ 300 hPa)From06
UTC to 07 UTC, an apparentlecreasen the wind speedRMSD wasfound (Fig. 7d) in low atmosphere
below model level 18~ 875 hPapand a consistent increasem mid to upper level

The impact of thecycled assimilation of th&PM-retrieved datan surface temperature forecasas

examinedwith the RootMeanSquare error (RMSE) for-&h temperatureThe RMSE Table 3 was
11



calculated every-# acrossontinentalSouth Korea from 12 UTC 7 March to 00 UTC 9 March using the
360 South Korean Surface Analysas the reference dataset. From 12 UTC 7 to 00 UTC 8 March, the RMSE
values in DA_Mar were close to those in CTRL_Mar. After thecycle of data assimilation at 06 UTC 8
March, RMSEs in DA_Mar were consistently smaller than CTRL_Mar. At the end of thel sioullation
time, surface temperature RMSE in DA_Mar was 2Q4vhich is 0.3 °C lowerthan CTRL_Mar. Figur@
shows an example of® temperature from the South Korean Surface Analysis compared with CTRL_Mar
365 and DA_Marat 15 UTC 8 March 2018. Generally, surface temperature was aretif@ 8t this time over
South Korea with a few warmer areas 66 4C along the southeastern coast and Jeju Island. Colder
temperature-2°C) was observed in the Taebaek Mountaiwer thenortheasttip of the country Both
CTRL_Mar and DA_Mar predicted colder temperature than the obsereattomost areas &outh Korea.
This is especially apparefdr regiors with higrer topography, e.galong the Taebaek Mountain rarged
370 the Sobaelountains Comparing withCTRL_Mar,DA_Mar produced &etter forecast witmuchsmaller
area with temperature below”@ andwarmertemperature along theaebaek Mountaingd.he RMSE of 2
m temperature calculated at this time confirms the conclusibig.8 with 2.89 °C in CTRL_Mar and 23
°C in DA_Mar.
The impact of the GPMetrived ocean surface data on precipitation forecast was shown in Eif. 9.
375 precipitationobserved byhe SouthKoreanSurfaceAnalysisat16 UTC 7 March 2018vascompaedwith
theresultsfrom CTRL_Mar andDA_Mar. At this time,light snowfall was broadly observed ovesrthern
to centralSouth Korea. Te stormstarted to produce heavier snowfall in soaitherrregionwith >3 mm b
Lin the soutkvesterntip of the Koreanpeninsulaand 8 mm h in Jejulsland From Fig. 9b and9c, it is
indicatedthatthe simulatedstormin both DA_Mar and CTRL_Maailso produced light to moderate snowfall
380 over most area of South Korea with heavier precipitatiogr the southwest end of the Korean Peninsula
Thepattern ofprecipitation in DA_Mar isrery similar to CTRL_Mar.Strong pecipitation was predicteic
Jep Island inboth CTRL_Mar andDA_Mar. Comparing toDA_Mar, CTRL_Mar producedan overall
stronger precipitation indicated by thergerareawith precipitation rate abové mm h* from central to
southern South Kored@he threat scor€TS) canprovideapoint-by-point evaluation oprecipitation forecast
385 TSswerecalculated ér continental South Korea &6 UTC 7 Marchusing the following equatiobased on
Xiao et al. (2005):

TS —— (2
whereC is the number of correct forecast evelss the number of forecast events; & the number of

observed evenis South Korean Surface Analysis dafae TSsof CTRL_Marare 062, 0.51, and 0.09 for
390 threshold values of 2, and3 mm hr?, respectively. A more accurate precipitation forecast was produced
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by DA_Mar withhigherTSs of 0.77, 0.57, and 0.lfspectively
Low level moisture flux convergence is enportanicondition for precipitatiom winter stormgHartung

et al. 2011).To better understand the mechanisms that lead to the improved precipitation forecast, the

moistureflux divergence(0 30 "Ouand moisture transpo(d aw) at 925 hPd&rom the CTRL_Mar and
DA_Mar were comparedn Fig. 10. In both O'RL_Mar and DA_Mar, strong moisture convergenagions
(negative values in the color of blueFig. 10a, b) correspond well with trenowfall (Fig. 9b, c) produced
over the southern end of Korean PeninsulaiatitieKorean StraitMoisture convergence in both simulations
was generally weasiver the Korean Peninsulghich led tolight to moderate snowfall over most of the area
A closer look at DA_Mar shows that datssimilation helpededucemoisture convergenagear 128° E and
36° N (Fig.10b), agreeing witrsmaller ara of precipitation > 2 mm ht (Fig. 9c). At the southerrendof
Korean PeninsulaCTRL _Mar also produced stronger moisture convergence (Fig. compared to
DA_Mar (Fig.10b) which is consistent with the smaller precipitation amount in FigSBuilady, low level
moisture transport ICTRL_Mar was characterized bgrger values from central to southern South Korea
(Fig. 10c)thanDA_Mar (Fig. 10d) This is especially apparent in the region near 128° E and 368 ldlong
the southern coast line

The snowstormmoved northeastward arnatecipitationrelated to the systefirstly appearedn the
soutlwest end of South Koreaat 08 UTC 7 March Large amount of precipitationin South Korea
concentratedbetweenl7 UTC 7and00 UTC 8 March. In Figll, 24-h accumulated precipitation from 06
UTC 7 to 06 UTC 8 Marchvasplottedfor the observation and compared witle numericalexperments
From the South KorearBurface Analysis, there wereover 20 mm snowfall produced in the southern
provincesand cities withover40 mm snowfalblong the coash South Gyeongsang Provinggs shown in
Fig. 11b andl1c, bothCTRL_Marand DA_Marovempredictedthe precipitatiorwith >15 mm precipitation
coveredalmostthe entire South Korea. Overestimation is especially apparent in CTRIwtr predicted
precipitation of >40 mnover mostareaof thecentral and southerovinces Heavysnowfallabove70 mm
with theextreme value 85 mmwas predicted along the soat$ern coast otllsanandNorth Gyeongsang
provincein CTRL_Mar. In comparison, DA_Mar predicted a much smaller area with precipitation exceeding
40 mm. In additionthe maxmum precipitation wag82 mm which was13 mm lower than CTRL_MarThe
Probability Density Function (PDF) @#-h precipitationamount was calculated with bgize of 2 mm over
South Korea where the surface analgsitais availablelt is shown thafl3.5% of the observed argaSouth
Korea had light precipitatioof 0-2 mm. 77.2% of thentirearea observed snowfalf <20 mm 19.6% of
the area had precipitation of-20 mm, and only 3.2 of the area experienced precipitatmi™>40 mm in

the 24 hows.Both CTRL_Mar and DA_Mapredictedmuch lower percentage of arka light precipitation
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of 0-2 mm.In CTRL_Mar, the peak precipitatiggrobabilitywaspredictedat 42 mm fo16.7% of thearea in
South KoreaSnowfall of <20 mm occurredt 19.3% of theentire areavhich is57.9%smaller tlan the
observation. 2810 mm snowfall was predicted in CTRL_Mar 39.4% of the area, 19.8% higher than the
obsenred value Precipitation of >40 mm was generated41.3% ofthe areavhich is38.1%larger than the
observation.DA_Mar peformed better than CTRL_Mar with an overall lower precipitation amount. The
peak precipitation probabilityas at 36 mnfor 8.8% of the area. Light snowfall below 20 mm was predicted
for 23% of the area, 200 mm snowfalfor 60% of the area, and >40 nfor 17% of the areandicating less

overprediction

3.2. Case Study foFebruary27-28 Snowstorm Event
The above resultsdicatea positiveimpact of the GPMetrieved surface meteorologhataon the short
term forecast ofhe March7-8 case Theassessment afata assimilatiomesultfor the February casaill be
discussed in this section

Figure 12 showsthe surfacetemperature, relative humidity, and wind speedmodel background
compared witfO1 B and Ai B from DA_Febat09UTC 27 February2018.TheGPM-retrieved observation
at this timewasavailable for a large part of Bohai Sea d@heeastern half of Yellow Sea arithstChina
Sea The observation also covdle Sea of Japan aridewesternNorth Pacific OcearkF-romFigs. 12b and
12¢, the observed sfaceair was generally warmen the Bohai Sea and colder and driertive Yellow Sea
thanthe model backgroundver most of the regions ithe Sea of Japan aritie western North Pacific
Ocean, surface air wasughly>1 °C warmer buwith lowerrelativehumidity (by up to 30%}han the model
background After data assimilationpositive increments isurfacetemperature were produceder the
Bohai Sea, Sea of Japas well as western North Pacific Oceanth@Yellow Sea, negative increments in
surface temperature and specific humidity were produdeeh the data was assimilated (Figc,f). A
decrease in relative humidityasproducedover north and central Sea of Japan and most atbawestern
North Pacific Ocean. An increase in relative humidity was created over southern Sea of Japan as well as |
East China Sea whemmore humidobservation wadound For surface wind speedGPM-retrieved
observatior(Fig. 12h) wasgenerallylower than the background over Bohai Sea, Yellow SeakastChina
Sea, and higher in Sea of Japan and western North Pacific. @¢esirdata assimilatiorgreasof decreased
wind speed wrefound in Bohai Sea, Yellow Sea, aBdstChina Sea. Peas of increaseslrface wind speed
havebeen produced iwestern North Pacific Oceavith magnitude up t8.5 m st.

Even though the positive impact of data assimilatvasnot as significant as th@e shown in the March
case, it is found that surface temperature forecastaisasnproved for the February 2238 event with data

assimilation. The RMSEs of2 temperature calculated over South Korea from 12 UTC 27 February to 00
14
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UTC 01 March 2018 werksted in Table 2. At 12 UTC 27 February, the RMSE in DA_Mar equals that in
CTRL_Feb. From 18 UTC 27 to 00 UTC 28 February, RMSEs in DA_Feb were very close to CTRL_Feb.
From 06 UTC to 18 UTC 28 February, DA_Feb provided smaller RMSEs than CTRL_Feb ngnplgre

skillful forecast. At the end of the simulation period, both CTRL_Feb and DA _Feb produced a larger RMSE
than most of the previous times but with a smaller value in CTRL_Feb than DA _Feb. Bgln@xs 2m
temperature from the South Korean SurfAoalysis compared with forecasts from CTRL_Feb and DA_Feb

at 18 UTC 28 February 2018. Generally, surface temperature over northern to central South Korea wa
around &4 °C at this time and 4 °C in the southern region. Warmer temperature-8f°€ was observed

along Southern coast. Colder temperatur2 {€) was observed along the Taebaek Mountains. Temperature
forecast in CTRL_Feb was quite similar to DA_Feb at this time. In the southern segi@dicted
temperature was generally 22 colder than the observation. The apparent features also include the elongated
area with cold air along the Taebaek Mountain range. DA_Feb outperformed CTRL_Feb with a smaller are:
of cold temperature with smatlextreme valualong theTaebaek Mountains.

Figure 14 displays 24-h accumulatedorecipitationfrom 21 UTC 27 to 21 UTC28 February 2018
observed bysouth Korea SurfaceAnalysisandcompared withtheresuls from CTRL_Feb and DA_Felit
isindicatedin Fig. 14athatwidespread gecipitation>15 mm was generategtrossSouth Korean 24-h with
extreme precipitatioof 184mm over Jeju IslandSnowfall over 40 mm was produced in the 24 hours along
the southeast coasif South Korea and the northeast coast above® 3%6.9-rom Fig. 14b and14c, the
precipitation pattern iDA_Febis similarto CTRL_Feb Both CTRL_Feband DA_Febproducedvidespread
precipitationwith regionsof snowfall over40 mm in central South Korea and along the east coasthend
south coast When ompaed with the South Korea Surface Analysis, both CTRL_Feb and DA Feb
overestimated the precipitation amoumhich is reflected by the mucharger size of thearea with
precipitation over 40 mnComparing to CTRLFeh the area o$nowfallover 40 mm irDA_Febwassmaller
and the extreme values in heavy precipigatenterswerealsolower. This overestimation is illustrateih
the PDF of precipitation in Fig4tl. The highest precipitation probability was at 22 fiom6.6% of the area
in observation, 28 mrfor 7.8% of the aremn CTRL_Feb, and 26 mrfor 8.6% of the arean DA _Feb. It
was observedhat 55% of the entire area with2 mm precipitation, 40% of the area with-20 mm, and
5% of the area with > 40 mm. Both CTRL_Feb and DA_Feb predicted lessfdigia snowfall and more
areaof moderate to heavy snowfallhis is especially apparent in CTRL_Feb. Light snowfall -@&00mm
was predictedor 26% of the areavhich is 29% lower than observatiorf% of the area was predicted to
hawe 20-40 mmsnowfall indicating 19% higher than obsation. There wer&5%of the area witk» 40 mm
precipitation which is 10% higher than the observed vall&®_Feb generally peformed better than

CTRL_Feb withhigher occurrence of light to moderate snowfall and lower occurrence of heavy snowfall.
15



30% of he areawas predictedvith 0-20 mm, 61%of the areawith 20-40 mm, and 9%ef the areawith
490 snowfallof >40 mm.

4. Discussion and Conclusion
In this research, thePM-retrievedocearsurface meteorologyata has been assimilated with the community
GSI v3.6 for twowinter storm events during the IGEOP 2018 field campaign®’VRF ARW model
495 simulatiors were conducted fohe o cass to investigate theegional forecast of the two events and the
impact of tte retrieveddata onthe forecass. The objectives of the current research arentmduce this
satelliteretrieveddataset, talemonstrate the assimilation of this datal to evaluatéhe impact of the data
on shortterm regionaforecasts of the heavy snowstoewvents
The resul$ indicate thatlarge impact of the retrieved surface meteoroldgiahas beemproducel on
500 surfacetemperaturemoisture and windspeedfields in theinitial condition (Figs. 6 and 12). While clear
biases remain in the model analyses over land, the assimilation of the surface meteorology does act to brir
the analysis closer to the surface observatiSBtrang model adjustment wésund within 1-3 hours after
data assimilation, which isoommmory seenwhen surface data onlg assimilated into the initial condition.
Positiveimpact of the datan shortterm forecasts gbrecipitationand temperatur@as found for both cases
505 when comparetb South Korea SurfaceAnalysis Large positiveimpactwas foundor the March7-8 case
(Figs. 8-9,11and Table 2)while the impact of the retrieval product walightly smallerfor the Februar27-
28 case(Figs. 13-14 and Table 2)A closer look at Figs. 6 and 12 shows a larger difference between the
background and observation for the February case than the March case, whiphrtadly explain the
smaller improvemerih the forecast afhe February event. In additioritreough thesynoptic pattern of both
510 winterevents belongs to warm low type, haoptic configuratiogof the two surface low pressure systems
were unalikeDifferentkinematic and thermodynampzocesses involved ithe two casesould beanother
contributing factorfor the difference indata assimilation effecAlso, since observational dataries with
time andonly coversapart ofBohai Sea, Yellow Se&ea of Japan amdesterrNorth Pacific Ocean at most
of the times, the undersampling ofetrieved producto the individual storm and important atmospheric
515 structures critical to the development of fermmay beanimportant reason for thdifferent effectof data
assimilation
The conclusiosin this studyareonly based on two castudies More experiments and continuous data
assimilationwith more casearerequiredto produceamorethoroughevaluatiorof thestatistical significance
of the GPMretrieved surface meteorologhata assimilationfFurthermore, temperatuteparturevas seen
520 to be skewed (Fighd) to the positive side and specific humiddgpartureto the negative sidérig. 5e).

Outliers were seen in the retrieved surface temperature, specific humidity, and wind spekdfditae
16



studiesjt might be appropriate to adopt a more rigorgusss check and data validatitmretain valid data
andremove observations that are largely skewed from the normal distribution of background departures.
Since this research only examined data for two cagbhsatime period of two daysjore examinations and

525 tests in the quality control and potentially adding a bias correttithie retrieved surface condition data may
be a way to bring further improvementgrecipitation forecastn addition, the presestudy assimilated the
GPM-retrieved surface meteorology data only with the conventional data. It is of great interest to assimilate
this observatioal type together witlother types ofobservation®btained from the ICEPOP2018mission
(e.g, radiosondesradar observationsyind profilerg in which more information abovethe surfacewas

530 included This may provide a clearer understanding on how this type of observation belgdo better
depictthetruestate of atmosphere and hembemefit precipitation forecasthen combined with other types
of observational data

Code and data availability. The communityWWRF model and th&SI data assimilation system can be
535 accessed dbttps://www2.mmm.ucar.edu/wrf/userahd https://dtcenter.org/cor@Sl/users/ respectively
The prepbufr datacan be downloadettom http://rda.ucar.edu/data/ds337The GPMretrieved ocean
surfacemeteorology data are availalbeline (ttps://ghrc.nsstoasa.gov/hydro/details/gpmseafluxicepop
Roberts2020. Any additionalinformation related to this paper may be requested from the corresponding
author.
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Figure 1. A sample plotof the GPM-retrieved ocean surface meteorology data foa) 2-m temperature [°C], b) 2z-m specific humidity [g

kg, and c) 16m horizontal wind speed [ms?] at 09 UTC 7 March 2018.
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Figure 2. Eastern Asia regional surface meteorological analyses by th&/A at 12-hourly intervals, valid at (a) 00 UTC 28 February, (b)

12 UTC 28 February, (c) 00 UTC 1 March, and (d) 12 UTC 1 March 2018.
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Figure 3. Same as Fig2, except valid at (a) 12 UTC 7 March, (b) 00 UTC 8 March, (c) 12 UTC 8 March, and (d) 00 UTC 9 March 2018.
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Figure 4. WRF model domain configuration.
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Figure 5. Scatter plot for GPM-retrieved observation vs. the departure betweethe observation andthe model background for a) 2m
temperature [°C], b) 2-m specific humidity [g kg?], and c) 10-m horizontal wind speed [m s from all available data during the data
assimilation time windowsfor the two case studiesProbability density function (PDF) of the d) 2-m temperature departure, b) 2-m

specific humidity departure, and ¢) 186m horizontal wind speeddeparture with bin width of 0.1.
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Figure 6. WRF Model background for a) 2-m temperature [°C], d) 2-m relative humidity [ %], and g) 10m horizontal wind speed[m s
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785  spead, and difference between data assimilation analysis atige background for c) 2-m temperature, f) 2m relative humidity, and i) 10-

m horizontal wind speedat 09 UTC 7 March 2018.
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790  Figure 7. a) Root Mean_SquareDifference (RMSD) between DA Mar and CTRL_Mar for 2-m temperature [°C], 2-m specific humidity
[g kg!], and 10-m horizontal wind speed [m ¢ calculated over the model domain from06 UTC 7 to 12UTC 8 March 2018 and vertical

profiles of RMSD for b) temperature, c) specific humidity, and d) wind speed @6 UTC (T, SH, and WSPD) and07 UTC (T1, SH1, and
WSPD1) 7 March 2018
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Figure 8. 2-m temperature field [°C] from a) South Korean Surface Analysis, bICTRL_Mar , and ¢) DA_Mar at 15 UTC 8 March 2018.
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800  Figure 9. 1-h precipitation (mm h-1) from a) South Korean Surface Analysis b) CTRL_Mar and c) DA_Mar at 16 UTC 7 March 2018
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Figure 11. 24-h accumulatedprecipitation (mm) from a) South Korean Surface Analysis b) CTRL_Mar, and ¢c) DA_Mar from 06 UTC
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Figure 12. WRF Model background fields for a) 2m temperature [°C], d) 2m relative humidity [ %], and g) 16m horizontal wind
speed [m 9], difference betweenGPM-retrieved observation and model background fieldgor b) 2-m temperature, e) 2m relative
815  humidity, and h) 10-m horizontal wind speed, and difference betweedata assimilation analysis and model background filed foc) 2-m

temperature, f) 2-m relative humidity, and i) 10-m horizontal wind speed at09 UTC 27 February 2018.
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820 Figure 13. 2-m temperature field [°C] from a) South Korean Surface Analysis, bICTRL_Feb,and c) DA_Febat 18 UTC 28 February

2018.
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