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Abstract. Reanalysis datgplays a vital rolein weather andclimate study, as well as
meteorological resource development and applicatiothis work, he East Asia Reahais
System(EARS) was developedising the Weather Research and Forecasting (WRF) model
and the Gridpoint Statistical Interpolation§GSI) data assimilation systenThe regional
reanalysis system iforced by theEuropean Centre of MediuRangeWeather Feecasts
(ECMWEF) global reanalysisEAR-Interim data at 6h intervak, and hourly surface
observations areassimilatedby the FourDimension Data Assimilation (FDDAjcheme
during theWRF model integrationupperobservations are assimilatedathreedimersional
variational data assimilatio(8D-VAR) mode at analysis momentlt should behighlighted
that many of the assimilated observations have not been used in other reanalysis Shstems
reanalysigunsfrom 1980 to 2018produdng a regional reanalysidataset covering East Asia
andsurroundingareasat 12-km horizontal resolution74 sigma levelsand 3-hour intervas.
Finally, an evaluation cEARS has been performedith the respect tothe root mean square
error (RMSE) based on the X@ear (20082017) observational dat&fompaed tothe global
reanalysis dataf the EAR-Interim, the regional reanalysis daththe EARS are closer to the
observationsn terms of RMSE in both surface and uppéavel fields. The present study
provides evidence for sulagttial improvementseenin EARS compared to the ERAnterim
reanalysis fields oveEast Asia The study also demonstrates the potential use OEARS
data for applicationever East Asia androposes further plarto providethe latest reanalysis
in red-time operation modeSimple dateand updated information aevailable on Zenodo at
https://doi.org/10.5281/zenodo.74049Mn( et al., 202), and the full datasets apblicly
accessible on thBataasa-Service platfornmof China Meteorological Admintsation (CMA)

athttp://data.cma.cn

Keywords: Regional reanalysis, East Asia, Data assimilafibualtiple observatios
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1. Introduction

The East Asia ReanalysiSystem (EARS) project was launched by the China
Meteorological AdministratiofCMA) in late 2014 It aimed to build a regionalreanalysis
systemthat can assimilateas much as possiblaulti-sourceobservatioal datsets and to
establisha long-term high-resolutionregionalatmospheriaeanalysis which is high quality
for mesacale weatheregional climate environment studies, and othapplications This
paperis to report the progress of thmoject, includingthe usednumerical modeldata
assimilation,observatios, andpreliminary achievementsThus, the major gbctives of the
present stdy are to (i)introduce the workve have already donéi) help understand and use
the EARS reanalysis products; and (iijrovide guidance forepeaing and extenshg the
work in the future

Atmospheriaeanalysis datavhich may sene as alternative dattoactualobservations
play an important role imweatherand climate studiesncluding numerical modetalidation.
In the past several decadesseries of @nosphericreanalysis product&ere producedwith
different goals(Wright et al., 2019 somehave beerwidely usedin theoreticalstudiesand
appliedto weather and climateesarchto improve predictiorskills andreducehazardrisks
With the ongoing development ofatmospheric scienceshigh-resolution #&mospheric
reanalysis datare much neededn view of thisdemand a large number dfigh-resolution
regional reanalysigroductshave beemroducedor various parts athe world(e.g.,Mesinger
et al., 2006 Jalob et al., 2017Vidal et al., 2010 Usui et al., 2017Yang et al., 2022

However, little attention has been paid t&ast Asia althoughChi nads f i r st

global atmospheric reanalygiGRA40) wasreleasedecently with a horizontalresolution of

approximately 34 km andtemporalresolution of 6 hOnly low-resolutionglobal reanalysis

products have beeusedfor the region including the National Centers for Environmental

PredictionDepartment of Energy Reanalysis version 2 (NCER2pamitsu et al., 20Q2the

generati on
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European Centre of MediuRange Weather Forecast§ECMWF) Reanalysidnterim
(ERA-Interim) (Dee et al., @11), the Japanese 5fear Reanalysis (JRAS%Kobayashi et al.,
2019, andthe ModerrEra Retrospectivédnalysis for Research and Applications version 2
(MERRAZ2) (Gelaro et al., 2007 More recently the ECMWF releasedhe fifth generation of
its atmospheric reanalis(ERAS) (Hersbach et al., 2020replacing the ERAnNterim; it isa
global atmospheric reanalysigith a horizontalresolution of 0.25degres. Although these
global reanalyss systemshave achieved great progredseit productswere developedfor
global coverage Theyhave limitedregional usagedue to lowspatial and temporal resolution
(Chen et al., 2004 Most importantlymultiple observation®ver East Asiavere notincluded
in these global reanalysis products. Consequently, the global reanalysis products are
inadequate fostudying characteristics ofocal weather and climatén East Asia such as
strong rainfall in the warm sector southern Chinauring the period from April to Jun¢éhé
so-called presummer rainy seasor{Chen et al.,, 2004 In view of the abovementioned
inherentissies, it is highly imperative tdevelopa high spatiotemporalesolutionreanalysis
productfor East Asia

Several regional atmospheric reanalysis setswereproducedin the past two decades
such as theNorth American Regional Reanalysis (NARRYlesinger et al., 2006 the
High-resdution Regional Reanalysis for the Europe@aordinated Regional Downscaling
Experiment (CORDEX) (Bollmeyer et al., 2015Bach et al., 2016 the Arctic System
Reanalysis(ASR) (Bromwich et al., 201)/ the Bureau of Meteorology Atmospheric
high-resolution Regional Reanalysis for Austral{BARRA-R) (Jakob et al., 2017
high-resolutionregional reanalysi®f Japan NHM-LETKF) (Fukui et al., 2018 and the
regional reanalysis dhdian Monsoon Data Assimilation and Analy@iSIDAA) (Mahmood
et al., 2018 These data have been widely uséar regional weather and climate studies

Recently, Yang et a{2022 developedlO-year (20162019) egionalreanalysisfocusing on
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the Korean Peninsula aniis surrounding areasnly. With the same objectiveéhe CMA

planned aproject intending to produce a higtesolution regional atmospheric reanalysis

datawith high quality for mesoscale weather study and regional climate analysiEasgt

Asig For this purpose, thEARS waslaunchedin late 2014 and a 39-year (1980-2018) - p :intendingto producea
high-resolution regional atmospheric
. . . reanalysis datasér East Asiawith
reanalysigiatasets now availableto the public high anIity for mesoscale weather
system studwndregional climate
This is our first open documentation of the projemt, the basis ofeveralprogress analysis

repors (e.g., Liang et al., 2020Yin et al., 2019, which briefly describes the EARS and
documentdts performancelt includes the numerical modeket data assimilatioomethod
assimilatedobservationaldatasets and preliminary results. In section2, we describethe
EARS systemand the data useth section 3,we presenthe preliminaryresultsof a 10-year
(20082017) reanalysisdatasetwith validation Finally, a summary andliscussionare

providedin section 4along withfuture activitiesandplans
2. East Asia ReanalysisSystem and Data Used

2.1SystemSetup

The EARS is established based tre Advance Research Weather Research and
ForecastingWRF version 3.9.1jnodel(Skamarock et al2008)andthe Gridpoint Statistical
Interpolations (GSI) data assimilation systerfHu et al., 2018) To improve the model
performancen East Asia, a series of experimemtsre launched for dynamic and physical
options. At present,the GIS runs in athreedimensional variational data assimilation
(3D-VAR) mode andmuch attentiorhasbeenpaidto the effect of assiifating each category
of observatios. To date, th&eARS works continuouty in a 39-year run with a cold startat
theinterval of six hours.

In the EARS (Fig. 1) the WRFARW modelgrid spacingis 12 km, whichcoversalarge

domainof an area 01.0,800km 3 9,120km (with 9003 760grid point9; and it is centered at
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(100E, 38N ). A total of 74 sigma levels is used in the verticaiith the model tofixed at

10 hPa.The modelterrain is interpolated frorthe 30-arcsecond USGS GMTED201@nd
the land use fields are interpolated from 2dlass MODIS datasetsThe model physics
schemes used includee following: (i) the Kain(2004 cumulus parameterization scheme; (ii)
the new Thompson microphysischeme(Thompson et al., 2008(iii) the rapid radiative
transfer model(lacono et al., 2008for both shortwave and longwave radiative flux
calculations; (iv) the Yonsei UniversitfySU) Planetary Boundary LayefPBL) scheme
(Hong et al., 2006 (v) therevisedMM5 Monin-Obukhov similarity scheme for the surface
layer(J a nj i ), and (¢i)ah@ MoatMP landsurface schem@iu et al., 201} It should be
emphasized that the model seds optimizedvia a series of experimentsovering various
weather phenomerandcontinuoussimulations(e.g.,Zhang et al., 201a.i et al., 2018 Yin

et al., 2014Yin et al., 202).

A schematic illustrating th8ow of analysisstepsof the EARSis shown in Fig2. The
WRF modelintegrate for 12 hoursin every cold startstartingat 0000, 0600, 120@nd1800
UTC, with hourly outputs.The ERA-Interim 0.79-degreereanalysis datat 6h intervat are
utilized asinitial and boundary conditionf®r the cold run. Please refer to Dee et(201])

for detailed informatioron the ERA-Interim reanalysis dataAt the models initial time, the

upperlevel (sounding andiircraf) observations are assimilated withe GSI systemin
3D-VAR mode During the model integrationhe FowDimension Data Assimilation (FDDA)
functions are activated by perfoimg surface observation nudgifigeen, 2015 The required
analysis datéortheFDDAar e obt ained through the WRFO&s
(Wang et al., 2017 using the hourly surface observations after performing data quality
control which includes temperature, relate humidity, and horizontal winds. More

specifically, observation nudging is a type &DDA wherein artificial tendency terms are

introducedduring the modelintegration(Reen, 2016 Since it is applied agverytime step

preprocessi



160

165

170

175

180

nudging is a continuous form of data assimilatidimnerefore, observations in the model

integration timewindow can bewell ingested. Generally speaking, the differenlbetween

the WRF model and observatiane utilized to creat innovatons. Then, the innovatichare

multiplied by various factors and added to model tendency equaliai®uld be noted that

observation nudging iaffected bythe uncertainty of the observatian$herefore, stiace

observations are sttlg quality contrdled by the OBSGRID module (Wang et al., 2017).

The model outputs in the first six hours amnsideredhe spin-up processand thus not
used for researcfThe model outputs @he ninth andtwelfth hours are used dkefirst guess
of the GSI; and the upperlevel observations are asslated in a 3D-VAR mode The
upperlevel observations incled sounding aircraft observation and cloud-derived wind
vector The composited radar reflectivity is ingested by the way of cloud anadypi®duce
the final reanalysis data Note that model hourly outputs are alsavailable Unlike a

continuously operatinglobal reanalysis system, the EARS conductcold start evergix

hours and the WRF modehtegrates 12 hours for each rumccordingly,the model outputs
from the sixthto twelfth hours are used tproducehourly precipitationduring the WRF
model integration Before generatig long-term reanalysisthe EARS was validated by
continuoussimulationsof the year 2014 The results indicatethat the EARS perforned
better in terms of atmospheric variablesand provided more mesoscale details thame
largescale ERAInterimreanalysis ({sed adackgroundn the EARS), andits outputscanbe

used for develdpg along-termreanalysigproduct

2.2 Assimilated Data
Various categoriesof observational data used the EARS are listed in Tabld. The
National Meteorological Information CentédNMIC) of CMA archives all observational

datasetsafter performingstrict data quality controlGenerally speaking, seversiepswere

used to prepare the input observatidfisstly, theduplicate (in time and location) data reports




were merged. Secondly, all the grodwaksed observations, including were checked by

climatic cutoff values and variation ranges. Besidefmternal constency between

meteorological elements and temporal consisteweye carried out. Moreover, soundings

were examined based twdrostatic assumptioriemperaturdapserate andhorizontal wind

185 | shear The observational data apeiblicly accessiblat http//data.cma.cn(last access 8 Jan

2023) In particular, thetraditional observatical datasets have been gigaimproved by
merging multiple data sources, whiateofficially released byhe NMIC. Note thatmany of
the dataset were not sharedpublicly before Figure 3 shows spatial distributions of
radiosondeand radar observationsurface observatiemover land,and surface observatien

190 overthe ocean.Note that the aircrafand satellite oud-derived wind vectgrobservations
are notpresentediue b irregular moving trajectories depeéng ontime and space.

Previous studiege.g.,Kawai et al., 2017Benjanin et al., 2010Lee et al., 2019Rabier
et al.,, 2009 Ingleby et al., 2016have confirmed thanumericalmodel performances were
enhanced by assimilating radiosonde observatipoisally. Figure 4 shows the radiosonde

195 observations assimilatedh the EARS, which has been greatly improved bgombining
datasets from various databaseslemploying moe observational data sourcesm China

It canbe sea that the counts of radiosonde observatishow slight variation from 1980 to

2000, and then increase obviously, almdstublkd by 2018.In addition toconventiongl [— p :regular

observations shared in tl&obal Communication System (GT8J World Meteorological
200 Organization (WMO), another 33 radiosonde stationgn China are incorporatedviost
importantly, more verticalevel observations arincludedby merginglogs of old records
Taking the radiosonde sbrvatioms of Beijing stationat 0000 UTC 1 July 2016 as arample
(Fig. 5), the merged radiosoadobservatios show more detailed vertical structures,
compared to thsein the Integrated Global Radiosonde Archive (IGR¥&rsion2, which is

205 used in theNational Center for Atmospheric Resear(RCAR) global reanalysis othe



Climate Forecast System Reanaly$$SR. Besidesradiosonde observations ladth 0600
and 180 UTC areused(Fig. 4a,c) although the observations alescontinuous ananuch
fewerthan those at (D and1200 UTC (Fig. 4b,d). Moreover,radiosonde observations from
210 field experiments araiseqd including those fromthe Third Tibetan Plateau Atmospheric
Scientific Experiment (TIPEXII) (Zhao et al., 2018 the Southern China Monsoon Rainfall
Experiment (SCMREX)Luo et al., 201), anong others Note that thee supplemerdry
radiosondeobservations were not utilized any global reanalysisystem oudide of China
Overall the number of radiosonde observations assimilatethénEARS has increased
215 significantlyafter combiling severakources, especially fron2000 to 2018.

Previous stdies(e.g.,Mirza et al., 2016James et al., 202@ndicatel that asimilating
aircraft observatioawasbereficial for numericalmodeling.The aircraft observationsised in
the EARS are provided Ithe NMIC after quality control(Liao et al., 202}, which is a new
product by integratingiine differentdatasources into the Integrated Global Meteorological

220 Observation Archive from Aircraft (IGMOAA)Adding the datasetdrom the Chinese
Aircraft Meteorological Data Relay (AMDAR)the observationcount has increased
significantly, compared to #t of the IGMOAA. The integrateddatawere officially released
by the NMIC and are updated in reatiime at the DateasaService platform
(http://data.cma.ci/ Generally speakingaircraft observatioa were rarein the early days

225 and theeobservéions have increased greafhpm 2x10° in 2005to 7x10° in 2018 (Fig. 6)
Although the &craft ob®rvatiors are hourly, there are large difincesat different moments
of the day One can see thalé count of aircraft observatiann the dayime is muchlarger
than that in the nighttime thoughthe count of aircraft observatisrin the nighttimehas
slighty increasd since 2005.

230 For surface observations over lafidg. 3 and Fig. 7§ besideghosefrom the National

Centers for Environmental PredictigNCEP)Global Data Assintation System (GDASand
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the National Climatic Data CentgfNCDC) Integrated Surface Database (ISDjore than
2440 surface observatisfrom the CMA are addedDetaied processing of the datasets can
be found in Jiang et a(2021). Note that only a small portion (less than 300 statisrin the
early days andearly 400 stationsat presentof the surface observatiorsshared in the GT.S
The observationover the sea surfacare combinedvith the International Comprehensive
OceanAtmosphere Data SEtCOADS) (Fig. 3c). After the combinationthe oceanbased
observationcountused in theEARS increasgby approximately32% in total, compared to
the ICOADS. As shown in Fig. BB, the surfaceobservationshave increased significantly,

espedly since2000.All the hourlysurface observation®ver land and oceargre further

quality controlledby using theOBSGRID module provided bythe WRF Variational Data {—

Assimilation (WRFDA); andthe outputs in ASCII format are used for observation nudging

during the WRF model integratiofive pointed the reader® tSkamarock et al. (28D for [—

more details Similarly, dl the upperlevel traditional observational datasets apaality

controlledby usingthe OBSPROGQmModule, and then written thepreBUFR format for GSI [—

p :modules 0OBSPROC
and

p :we

p :PREPBUFR

assimilation ina 3D-VAR mode.

One ofthe main features ahe EARS isits emphasis on radar data assimilatiédi.
weather radar observations over China are useldeitARS (Fig. 3d).Radar observatian
have increased rapidljrom 80 stations in 2008 to over 190 stations in 2(Fg. 8).Notethe
radar observations show obvious seasonal various becaostof the radars are out of
servicein cold seasonsTo obtain highquality-controlled radar observational data, much
attentionhasbeen paido the preprocessing of ravadardata. A major issue of theradar
observatios is the ron-meteorological echowhich hasdirect influences on the cloud
hydrometeors ithe GSI cloud analysis processin view of this issue, much effones been
devoted toremovingisolated normeteorologicakechoes ad ground clutters fronthe radar

data(Zou et al., 2018 which makegjuality-controlledradardatamore accurate(Wu et al.,

10
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2018. After quality control, all radar observations at the same time are utilized to generate
mosaic products in BUFR formathich can bensertedinto the GSI cloud reanalysisnodule
Detailed information about radar dgieocessing andemappingcan be foundn Zou et al.

(2014. The claid analysignodule in the GSI came frothe Advanced Regional Prediction

System (ARPS)YHu and Xue, 2007), and can ha&ther traced to the Local Analysis and

Prediction System (LAPSAIbers et al., 1996)in fact, quality-controlledradar observations

are also an important part of the reanalysis data, which can be usedtiner and climate
studies as well asnumerical model validation Despite considerable effort expended in
processing radial windhe radial wind has beenot assimilated apresentas more work is
required_

Another feature is theapplication of the cloud-derived wind vectordatasetsfrom
Fengyun2 geostationary meteorological sateflitd’ he cloud-derived wind vectorappears
with a countof nearly6.0x10* (Fig. 9). Notethat thedatahave beerstrictly quality controlled
and widely applied in dailyoperatioml numericalweatherpredction in Ching thus these

datasetgan ke applied directly in the EARS.

Jable 1 Observatinal data used in EARShose data arpublicly accessiblat -

http://data.cma.cr{last access 8 Jan 2023)

Data Variable Starting year
Radiosonde Pressure, temperature, win 1980
and moisture
Aircraft Temperature and wind 1980
Pressure, temperature, win 1980
Surfacé :
and moisture
Radar Radar reflectivity 2008
Satellite Cloud-derived wind vector 2008

! Including the surface observations over ocean.

11
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2.3Validation Data and Method

The performancef the EARS is assessetly comparingit with observations andith
the largescale forcing othe ERA-Interimreanalysiqused as théackgroundf the EARS.
A 10-yeargood quality and stable quantity of observatians selectedor the assessment
For comparison with station observations, results from BARS and ERA-Interim are
interpolated onto the stationsusing the nearest neighbor interpolationia the Model
Evaluation Tools (MET,)which is developed by thBevelopmental Testbed Center (DT&)
theU.S.(Newman et al., 2092Following the operational model evaluations thie CMA, we
usea total of 2,423 surface observational statioms the referencefor the reanalysis dat
validation. The observations over the Qinghgibet Plateau andts surrounding areas are
much sparser, compared to those daherother regiongFig. 109. Similarly, atotal of 120
radiosonde dataver Chinaare usedo evaluatehigh-level variableqFig. 10b).As has been
stated abovehe radiosondeobservations are mainly obtained at 0000 UTC and 1200 UTC,
and he measwements includegemperature, (relativehumidity (or dewtemperaturg air

pressure, horizontal wind speed, and directibshouldbe noted thathe present validation is

based on the observations from CMA. Although the EARS covers a large area, only limited

observation®ut of Chinawere obtained bthe GTS. Comparatively speaking, the density of

observations isnuch higher in Chinathan that out of China. Besidethe performance of

observations in China is at a comparable level because of the (adr@ast equivalent)

observationl instruments and methodMoreover, theobservations in Chinavere quality

controlled usingthe samemethods.Therefore, theobservationsn China were useth the

validation We welcome more valation from others with observations outside of China as

much as possible.

The quality of the regional reanalysis also compared t@nemonth (July 2016)

continuous radiosonde observational dathich wereobtained from a field experimeint the

12



central Taklimakan DesertXinjiang Uygur Autonomous RegionsChina. The central
Taklimakan Deserts far from other observatiorsites where the assimilated observason
havelittle influence onthe rearalysis dataNote thatthesedata have ndbeenapplied to any
310 weather forecasting or reanalysigstems(including global and regional systejnwhich
should be an excellent source of independent observafldnang et B, 2021) The
radiosonde observationstiation(marked with alack starin Fig. 10b) is located a{83.63E,
39.04N), 1,099.3 m abovéehe sea level The radiosond®bservationabata were collected
four timesat 0000, 0600, 1200, and 18@@al standardime (LST, =UTC + 6) a day inJuly
315 2016, using th&lobal PositioningSystem (GPSpased radiosonde. One of the advantages of
the radiosondebservatioris its high verticalresolution, which is achievday high frequency
(atintervak of onesecond dat acquisition during balloon ascending.
To assess the new EARS datae compare them with surface and radiosonde

observations in teraof root mean square error (RMSE)ven by

320 RMSE= /%5 (F-97, (1)

where N is the total numbeiof all observations F; and O; denotereanalysis datand
observation, respectively.
We use RMSHEARS) and RMSEERA-I) to represent the RMSHor the regional

EARS and global ERAlInterim respectively. The fractional percentage improvemBnof(
325 the RMSEcan be defined as follows:

RMSHERA-)- RMSEEARS)

(%)= RMSEERA- )

3100%, @)

Accuracyis perhaps the most widely usetijectivevalidation method for quantitative
precipitation forecasts Following theMET verification measures for categorical

(dichotomous) variablesve employatable of2 | 2 contingencyTable2). The accuracyf

330 precipitaton forecasis definedby

13
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hits+ correct negative

Accuracy= ol
otal

©)

The accuracyangesfrom 0 to 1 and aperfect forecast wodlhaveanaccuracy of 1.

Table 2. Contingencytable forcategorical (dichotomous) variables

observation
yes no total
yes hits false alarms forecast yes
reanalysis no misses correct negatives forecast no
total observed yes observed no total

3. Results

3.1Performance ofSurface Field

Figure 11 compareslO-yearaveragedRMSEs of surface variableérom the EARS and
ERA-Interim using box-percentile plat. For the EARS, he averaged RMSEs o$urface
pressure F), temperature T), specific humidity Q), zonal wind (), meridional wind Y),
andwind speed VS are1411(+1922) hPa,2.05*1.43) , 18(0.28)g kg™, 1.76(+0.69)
m s*, 195@0.63) m s, and 2.06¢:0.58) m s*, respectively.The ERA-Interim haslarger
averagedRMSEs ofP, T, Q, U, V, andWS which are24.34+2717) hPg 2.25+1.43) ,
1.33+0.35)g kg, 198(+x0.58)m s', 2.35¢0.70)m s*, and2.42(+0.51) m s*, respectively
In terms ofthe RMSE, the EARS performs much bettemwith respectiveimprovement
percentages 0f2.01%, 8.826, 11.28%, 11.3P%6, 16.98%, and14.7%9%6 for P, T, Q, U, V, and
WS respectivelyGenerally speaking? has the largestiprovement, followed by, U, and
Q; andT has the smallesmprovement Similarly, the 25th,50th, and 75th percentileshow
obvious improvements.

In terms ofthe RMSE, we have noted th#te EARS shows an obviousimprovementn

14



350 the surface meteorologichélds over East Asiacompared tat's the ERA-Interim (Fig. 11).
According to the statistical result®,hasthe largestimprovement percentage of the RMSE
followed byV; andT has the smallesprovementThe smallerRMSE is mainly attributable
to the data assimilation of a large number of observatiditte that the optimized WRF
model| focusing on East Asiaith a highhorizontal resolution of 12 krand 74sigmalevels

355 in thevertical, is alsobeneficialto thesmallerRMSE. As has been stated abotke WRF
model was tested and verified in various aspects by paying attentignamic and physical
options,and toobservation nudging parametéisn et al., 2018. According to ourprevious
testswith the optimized WRF modglthe downscaling results performed bettiean the
ERA-Interim, which provides good backgund conditions for the GSI data am8ation and

360 the subsequent reanalysis d&eevious studiege.g.,Andrys et al., 2015Gao et al., 2022

Qiu et al., 201y also indicatedthat significant performancehave been gained IWRF

downscaling at a high resolutjon - p : hassignificant
performance gains idownscaling

Figure 12 shows matial distributions ofthe averagd RMSEs of P for the EARS and

ERA-Interiny and for their differences Clearly, the spatial distribution fothe EARS is [— p:l ]

365 similar to that of the ERAInterim Given the spatial distributiorthere is asmaler RMSE
over eastern Chinavhich is beeficial from theingestionof densesurface observationblote
that thehigher resolution of theomplex terrain over western Chihas positivecontributions
to themodel results, except fdimited observations over this regioklore specifially, both
EARS and ERAInterim show large RMSIS over western China, espially along the est

370 side of theQinghaiTibet PlateauThe spatial distributions for other surface variables are also
generatedalthough there are not presented hBtease refer to theuppementaryfor more
results In generalthe EARS hassimilarimprovemens to P in T. ConcerningQ, both EARS
and ERAlInterim haveobviousRMSEs over southern China, which méa related t@ large

amount ofavailablewater vapor in this regiomhe EARS shavs a similar spatial distribution

15
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of RMSE of U to that of the ERA-Interim, while obvious diference can be found in the
RMSE ofV. A large RMSE belbf U is in the northeast toward th&ibet PlateauThe EARS
reduces RMSE itV significantly, indicating tfat the quality ofV is improvedconsiderably
The EARS alleviates theRMSE overvalues 2.5 m'Sat most stationdNote thatthe EARS
has larger RMSE in thewind field (bothU andV) over western Chinthan theERA-Interim
This may be relatel to complicded dynamics associatedwith the Tibet Plateau land
processespr/and poor qualityf observations over this regipand attentionis required to
understandhe shortcomingFor WS the improvement shasa similar patterrto thatin V. In
terms of RMSEthe EARS performs better thahe ERA-Interim at most stationsalthough

theEARS has poor qualitsit somestations.

3.2Upper-Levd Fields

Figure 13 shows the me&MSEs of vertical profiles ofU, V, T, andQ, verified against
120radio®nde observation®ver Chinaduring 20082017 (Fig. 10b).Generallyspeakingthe
EARS shows muclsmallerRMSEs than the ERAInterim at all levels, although both show
similar vertical distributionsThe RMSEsfor the ERA-Interim are nearly twice as large as
those ofthe EARS, except forthe RMSEs ofQ at the upper levelsMore specifially, the
RMSEsof U andV for the EARSarenearlyl m s* throughout thevertical column while
those ofthe ERA-Interimare mostlylarger thar2 m s*. Also, the RMSEf U andV for the
EARS show slight variation in vertical, while the RMSEs of ER#ierim are hrge & the
lower and upper levelsnd smallatthe middlelevels.As for he RMSEsof T, the RMSEs of
the EARS arewithin 0.9 ; andthe RMSEs ofthe ERA-Interim are less than 1.5. Both
reanalysis products show large RMSfEthe lower level near the grounénd he RMSEdor
T decreasefirst with increasing heightbottoned out near 400 hPaThe secondargest
RMSEs for T occurat the higher level af00 hPaThe largeRMSEs for T atthe upper levels

mainly result fromlimited radiosonde observations. Besiddse interactions between the
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425

troposphere andtratospheremay have some impact on theaccuracy of the reanalysis
product. The RMSE for Q decreaseapidly with increasingheightandapproach zero near
200 hPa which correspond to the decrease ahoisturecontentfrom the bottomto up. It
should bepointed outthat thesmall RMSEs at the upperlevels result froma very low value
of Q, rather thanfrom having agood performancat these levelsIn view of thevertical
profiles ofthe EARS verifying against radiosonde observations given in Egythe EARSIs
considerablybetter than th&RA-Interim The RMSEs for EARS are bnost half assmallas
that of the ERAlInterim The RMEs of U, V, andT for the EARS are considerablysmaller
than tlose of the ERA-Interim At upper levelsabove 500 hRathe RMSEs of Q for both
EARS and ERAInterim are similar inmagnitude while the former show a smallervalue
than the latterAs statedin Mesinger efal. (2006, the reanalysisdataare influenced by both

theedimate of the background and observation exovariances.

3.3Rainfall

Despiteseveralobjective verification methods fonodelng quantitativerainfall amouns,
systematic assessment simulated rainfallpeformance remains difficultConsequentlya
simple comparisonbetweenthe EARS and ERAInterim is given here in terms of the
accuracy of &h accumulated rainfalPleasaefers to Yanget al.(2023 for detailedanalyses
of thesimulated rainfall propertiesf the EARS. Figure 14 shows the accuracy of-8 rainfall
for both EARS andERA-Interim Although the accuracy sh@slight diurnal variationpoth
EARS and ERAInterim have high averagedaccuracies ofover 0.5 and show good
performance from early morning (2100 UTC) tthe middayon next day(0300UTC). The
EARS has higher raiafl accurag thanthe ERA-Interim at all times.For an overview (i.e.,
mean), the EARS provides a higher total mean accuracy 6f61, with 0.56 for the
ERA-Interim Note that the improvementyary from 4.53% to 16.1%, with the averaged

improvement perceage of the accuradyeing8.99%.We also calculatethe equitable threat
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scorefor 3-h accumulated rainfall (not showrfjor rainfalls above 20.0 mmthe EARS is
much better tharthe ERA-Interim, indicating that the EARS has better capalility to
reproduceheavyrainfall over East Asiagespecially for &h accumulated rainfathat isover 50
mm. Notethatthe ERAlInterim cannot capture-B accumulated rainfathat isover 70 mm,
which maybe caused bthe global modek low resolutionof nearly 79 km
Figure 15 showsthe spatialdistribution ofaveraged3-h accumulated rainfall accuracy

for the EARS and ERAInterim in 20082017. Clearly, both EARS and ERAInterim have
high forecast capabiljtfor precipitationovercentral Chinawith rainfall accuracyf over 0.6
followed by southern and eastern Chifidgs. 15a,b). The low accuracy(less than 0.4)
mainly appeardn westernChing especiallyover the QinghaiTibet PlateauThe results are

consistentwith previous studies andith operationalpredictions(e.qg., Mao et al., 2010;

Zhang et al., 2021; Zhao et al., 201I8)geneal, the EARShasbetterperformanceonthe 3-h

scaleat most stationshan the ERAInterim ig. 15c¢) although the EAR®as less accuracy
at some stabns.The EARS with morelocal observatiors is probably the main reasdar its

betterperformanceand thebenefit ofthe optimized WRFmodelwith the high resolution of
12 km may be another reason. Thesultsindicatethatthe EARSwould be more suitable for

investigatingprecipitationover East Asia.

3.4Features in LowerL evelsover Central Taklimakan Desert

Figure 16 shows the diurnal variation abbserved and simulatedertical thermal
structuresin the lower levels(0.6 km above the ground From the observationsbwious
transitiors exist inthe thermaktructure More specificallythere isan inversion layenear the
surface in the nighttime, while subadiabatic or superadiabatic layer occurshe daytime.
The transition, from stable to convective and back to stable condgiaonsistent with the
diurnal variation of solar radiatioflYin et al.,, 202). In general, boththe EARS and

ERA-Interimare able to reproducmilar diurnal transitiosasin the observations. Although
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there aresome differencebetween the reatysis products and observatiothe transitios,
from stable to convective and back to stable condimaconsistentwith the observation
455  Specifically the EARS is closer to the observations, compared to the -EA&im For
instancethe EARS captues the obviousnversionat 0600local standardime (LST), while
the ERA-Interimunderestimates thiaversion
Figure 17 compares tteveraged profiles abbservedhorizontal windandthose ofthe
reanalysis product#n obviousdirectional shift frormortheasterly to westerly appsareaty
460 2.6 km above the ground on averagefact, the altitudeof thewind directional shifexhibits
noticeabé diurnal fluctuation bottoned outat 0600 LST and peakl at 1800 LST with
altitudes near 2.0 and 3.4 knmespectively. Notethat the horizontal wind speekcreases and
then increases with increasing heighe toverticalwind shearCompared to the observations,
both EARS andERA-Interim capture theprincipal vertical wind profile patterns over the
465 central Takimakan Desert However, the diurnal variation of wind profilesis slighty
underestimatedby the EARS, whilethe ERAlInterim completely misses the diurnal
fluctuation Besides, th&ERA-Interim underestimatewind speed near the surfade seens
that theERA-Interim reanalysissystemcannotwell describe the neaurface thermodynamic

processes

470 4. Conclusions andfuture outlook
We present a detailed report abotite EARS including 39-year (198062018)
high-resolution regional reanalysis datasets over Easi #hsit showmajor improvemerst
over the global reanalysis in both spatial resolutimd accuracy.The qualities of the
reanalysis dataset were verifiedsed onsurfaceobservationsand radiosonde observations
475 from 2008to 2017, as well as radiosonde obgations from field experiments in July 2016
Regardingresolution, the 1km grid is much higher than those of global modéisr

accuracy both nearsurfaceand uppetevel fields are closer to the observations than the
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globalreanalysi€ERA-Interim

The EARS is established based e WRFARW model and GSI data assimilation
system.To improve theE A R Spérformancen East Asia, a series of experiments have been
conductedor selectingdynamic and physical optionsor the GSI, much attention was paid
to the improvements oéssimilathg each categorpf observationsThe EARS startedcold
runs every day, starting at 0000, 0600, 1200, and 1800 UTC with tB&A-Interim
0.79-degree analysis data ah@ntervak asinitial and boundary condition§he WRF nodel
wasintegrated for 2-h each time with hourly outputand hourlysurfaceobservations were
ingestedby performing surface observation nudgirithe model outputs at the ninth and
twelfth hours are used dhe first guess ofthe GSI, and the uppdevd observationsvere
assimilatedn a 3D'VAR modeandmosaicradarreflectivities were ingested foud analysis
To the presenB9-year (180-2018) reanalysiglatahave beemchieved.

To assess the EARS dati)-year (200&017) data were compared withriace and
radiosonde observations in teswf RMSE The resultsshowsubstantial improvements the
EARS compared to the ERMnterimreanalysis oveEast AsiaThebetterperformance othe
EARS is mainly attributable tahe data assimilation of a largeumber of observationsn
addition,the optimized WRF model, focusing on East Asia véithighresolution of 12 km
and 74 signalevels, is alsdeneficialto thehigh quality ofthe EARS. It should be noted that
the present validation is based on theepbations from CMA. Although the BRS covers a
large areaonly limited observations were obtained by tBlbal Communication System
(GTS). We welcome morealidationfrom others with observations outside of China as much
as possible.

To date We are fulyy occupied withEARS development and data generatibhe EARS

data was verified against both surface and sounding observations. The results were also

compared with its pareintthe ERAlInterim. At present, @mparisons with other global

20



reanalysis have noekn undertake\s far as we know, the assessment of reanalysis data is a

complex and systematic tadkherefore, we expect more scholars to evaludie Edata from

505 | different aspectssuch aghe performance in reproducingeather systemé&.g., Gong et al

2022), chily variationin precipitation(e.g., Li et al., 2017), and others, as well as comparisons

among different reanalysis (e.g., Yang et al.,30mh the future we will furtherinspect the

regional highrresolution dataagainst the observatiorfsom the Second Tibetan Plateau
Scientific Expedition and Research (STEP) progrenparticular using it in highiesolution
510 studiesoverthe EastAsian monsoon regiarBesidesyadarretrievalhorizontal wind whichis
retrieved by an improved version ofhe Integrating VelocityAzimuth Process (IVAP)
method(Liang etal., 2019, will be ingestedby performingupperlevel observation nudging
Most importantly, fom 2019 onwardwe will shift to usingthe ERAS5 productsasinitial and
boundary conditionsfor the WRF model Besides,the intensive surface observations
515 (exceeding 80,000pver Chinaafter strict quality controlwill be introducedin the surface
observation nudgingThe EARS will run in reaktime operation modeto provide the latest
reanalysis datavith approximatelya 5-day lag (dependingon theavailability of the ERA5

datg.

520 Appendix A: Abbreviations

Table Al List of abbreviations used in the paper.

Abbr. Term

3D-VAR Three-dimensional variational data assimilation

AMDAR Aircraft Meteorological Data Relay
ASR Arctic System Reanalysis

BARRA-R Bureau oi_i\/leteorology_Atmospheric highesolution Regional
Reanalysis for Australia

CMA China Meteorological Administration
CFSR Climate Forecast System Reanalysis

CORDEX Coordinated Regional Downscaling Experiment

CRA40 Chinaés first gerhericednalysin of g
EARS East Asia Reanalysis System

ECMWF European Centre of MediuRangeWeather Forecasts
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530

ERA5 ECMWFfifth generation of its atmospheric reanalysis
ERA-Interim | ECMWEF ERA-Interim reanalysis
FDDA FourDimension Data Assimilation
GDAS Global Data Assimilation System
GSl Gridpoint Statistical Interpolations
GTS Global Communication System
ICOADS International Comprehensive OceAtmosphere Data Set
IGMOAA Integrated Global Meteorological Observation Archive from Aircral
IGRA Integraed Global Radiosonde Archive
IMDAA Indian Monsoon Data Assimilation and Analysis
ISD Integrated Surface Database
JRA55 Japanese 5%ear Reanalysis
MERRA2 ModgrnEra RetrospectivAnalysis for Research and Applications
version 2
MET Model Evaluation Tols
NARR North American Regional Reanalysis
NCAR National Center for Atmospheric Research
NCDC National Climatic Data Center
NCEP National Centers for Environmental Prediction
National Centers for EnvironmentatedictionDepartment of Energy
NCEP2 ) .
Reanalysis version 2
NHM-LETKF | high-resolution regional reanalysis of Japan
NMIC National Meteorological Information CentgdMIC) of CMA
RMSE Root mean square error
WMO World Meteorological Organization
WRF Weather Research and Forecasting
WRFDA WREF Variational Data Assimilation

Data Availability

A Digital Object Unique
available for theEARS reanalysis datalhe 39-year EARSdatarepored in this work are
availableat 3-h intervak, starting at 00 UTGrom 1980 to2018. The database format is GRIB
version 1 and the total volume of the data files is 54.6 TB. The GRIB files are hosited at
CMA DataasaService platform(http:/data.cma.ch/as their total volume exceeds the
volume that could be provided by Zeno€din et al., 2022) Simple data and updated
information areavailable on Zenodo at https://doi.org/10.5281/zenodo.7404%i18et al.,
2022), and the full datasets apeiblicly accessible on thBataasa-Service platformof China

Meteorological AdministratiofCMA) at http://data.cma.cnThe data can be obtainedtime

22

Identifier (DOI: https://doi.org/10.5281/zenodo.7404918


https://doi.org/10.5281/zenodo.7404918
http://data.cma.cn/

535

540

545

550

555

form of a hard disk copyby contadng the authors at preserand will beaccessed freelst
this locationsoon The EARS 3-h data on pressure levedsid hourly precipitation datare
avdlable in GRIBformat, which can be usexta model (e.g.the WRF) forcings. Owning to
the large amounts of datanore variablesand ditasetson the 74 model (sigma) levels can

also be obtained by contagj the authors.
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Fig. 1 The East Asia BanalysisSystem (EARS) dmain in the WRF modehnd its 12km
topography. The shading indicatée height of the terrain in the model.
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Fig. 3 Spatial distributions of (a) radiosonde, (b) lafa sea, and (d) radar

observations for EARS.
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Fig. 15 Spatial distributions of averagethinfall accuracy of(a) EARS, (b)
ERA-Interim and the difference(EARS minus ERA-1).
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