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Abstract49

A historical atmospheric reanalysis from 1850 to 2015 was performed us-50

ing an atmospheric general circulation model assimilating surface pressure51

observations archived in international databases, with perturbed observa-52

tional sea surface temperatures as a lower boundary condition. Posterior53

spread during data assimilation provides quantitative information on the54

uncertainty in the historical reanalysis. The reanalysis reproduces the evo-55

lution of the three-dimensional atmosphere close to those of the operational56

centers. Newly archived surface pressure observations greatly reduced the57

uncertainties in the present reanalysis over East Asia in the early 20th cen-58

tury. A scheme for assimilating tropical cyclone tracks and intensities was59

developed. The scheme was superior to the present several reanalyses in60

reproducing the intensity close to the observations and the positions. The61

reanalysis provides possible images of atmospheric circulations before re-62

analyses with full-scale observations become available, and opportunities for63

investigating extreme events that occurred before World War II. Incorpo-64

rating dynamical downscaling with a regional model that includes detailed65

topography and sophisticated physics is an application of historical reanal-66

ysis to reveal the details of past extreme events. Some examples of past67

heavy rainfall events in Japan are shown using a downscaling experiment,68

together with dense rainfall observations over the Japanese islands.69
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1. Introduction71

Atmospheric reanalyses provide long-term four dimensional atmospheric72

evolution using state-of-the-art atmospheric general circulation models (AGCMs)73

and well-archived observational records (e.g., Kalnay et al., 1996; Uppala74

et al., 2005; Onogi et al., 2007). Because of the satisfactory quality and75

length of the available data, they have been used in various climate research76

and application studies. Meanwhile, reanalyses stretching back more than77

100 years were conducted using sophisticated data assimilation schemes such78

as four-dimensional variational methods and Kalman filters and relatively79

abundant surface observations such as pressure and sea surface tempera-80

ture. Whitaker et al. (2004) first implemented this idea using an ensemble81

Kalman filter and surface-pressure observations. Their reanalysis is called82

20CR, and the latest 20CR version 3 stores assimilation results from the83

early 19th century onward. Their reanalysis has been continuously im-84

proved (Compo et al. 2006, 2011; Slivinski et al. 2019). The atmospheric85

reanalysis of this study is one of the counterparts of the 20CR. A similar86

reanalysis by the European Center for Medium-Range Weather Forecasts87

(ECMWF) was released as ERA-20C (Poli et al. 2016) in which marine88

wind observations were assimilated together with surface pressure observa-89
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tions. A historical reanalysis with a coupled atmosphere-ocean model was90

also attempted uniquely by ECMWF, which is called CERA-20C (Laloy-91

aux et al. 2018). The model integration in these reanalyses except CERA-92

20C requires long-term radiative forcing and ocean-surface boundary con-93

ditions. The Coupled Model Intercomparision Project (CMIP; e.g., Taylor94

et al., 2012) provided various natural and anthropogenic forcing suitable95

for historical climate simulations, and the forcing is frequently used in the96

historical reanalysis. Historical observational fields of sea surface tempera-97

ture (SST) and sea ice concentration (SIC) provided by the Hadley Center98

(HadISST2; Rayner et al., 2006; Titchner and Rayner, 2014) were used in99

20CR, ERA-20C, and CERA-20C, sometimes combining other observational100

SST and SIC data. Moreover, the above-mentioned reanalyses provide un-101

certainty information by conducting multiple data assimilation experiments102

with stochastic model physics and spatiotemporally varying background er-103

rors (ERA-20C and CERA-20C) and ensemble Kalman filter (20CR).104

Atmospheric models can greatly affect on the quality of the four-dimensional105

atmospheric circulations presented in the above reanalyses. Many AGCMs106

have produced long-term climate simulations with observed boundary con-107

ditions and external forcing factors (Gates et al. 1999). Furthermore,108

AGCM is a major component of earth system models (ESMs) that sim-109

ulate interactions between atmospheric, oceanic, chemical, and biological110

3

Page 7 of 106 For Peer Review



processes. Climates spanning hundreds of years into the past and into the111

future have been successfully simulated by ESMs typically under the recent112

CMIP experiments (Taylor et al., 2012; Eyring et al., 2016). As a result,113

the atmospheric models and external forcing factors are currently capable114

of hundreds-year-long reanalyses.115

The global atmospheric observation network was established mainly for116

surface and upper air profile observations before the satellite era start-117

ing from the late 1970s. Surface observations such as surface pressure118

(Ps) and SST required in hundreds-year-long reanalyses have been archived119

in international databases called the International Comprehensive Ocean-120

Atmosphere Data Set (ICOADS version 3.0; Freeman et al., 2017) and121

the International Surface Pressure Databank (ISPD version 4.7; Compo122

et al., 2019). These observations cover the global region from the 19th cen-123

tury or earlier, more densely than the upper air observations. Since the124

early 2000s, world-wide atmospheric data rescue activities have been active125

under the International Atmospheric Circulation Reconstructions over the126

Earth (ACRE) initiative (Allan et al. 2011). Historical observational data127

are generally subject to various types of bias, and Ps observations are not128

exceptional. Observations at high altitudes are sometimes challenging, be-129

cause their values must be adjusted to match the levels between the model130

and the stations for the data assimilation. Despite this adjustment, the131
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resultant Ps fields may still have residual errors even when considering the132

model biases (Slivinski et al. 2019).133

Observed SSTs are given to the AGCM as a boundary condition at the134

sea surface when the AGCM is solely integrated. Several long-term gridded135

SST analyses were produced using ICOADS (Rayner et al. 2003; Hira-136

hara et al. 2014; Huang et al. 2015) and these have been used for the137

atmospheric reanalyses. Considerable efforts have been made to reduce un-138

certainties in the analyzed SSTs caused by measurement and human biases139

and spatiotemporal changes in the observational data distributions (Folland140

and Parker 1995; Kennedy et al. 2011; Chan and Huybers 2019; Chan et al.141

2019). These SST analyses have been available on a monthly calendar basis142

from the mid-19th century onward. Overall similarities have been found143

among the present SST analyses (Huang et al. 2015). The uncertainties are144

typically large before World War II, and decrease over time (Huang et al.145

2016).146

This study focuses on the reproducibility of East Asian climate and se-147

vere weather events from the mid-19th century to the mid-20th century148

(Okuda 1981; Fujibe 2008, 2010; Watanabe 2012; Fujibe and Matsumoto149

2022). In many cases, the severe weather events were directly caused or150

influenced by tropical cyclones. Therefore, the reanalysis must represent151

observed typhoons well enough. There are many observational records from152

5

Page 9 of 106 For Peer Review



the Japan Meiji Restoration (1868) and weather observations at some sta-153

tions from the early 19th century (Kubota et al. 2021). Some of these154

records are already stored in the latest ISPD, and data rescue activities are155

currently being conducted by some research groups cooperating with ACRE.156

These observations are useful for better representation of severe events in157

historical reanalyses.158

The subsequent sections present the observations and methodology used159

in this study, and the verification results are compared with previous reanal-160

yses and observations unused in the present reanalysis. Finally, concluding161

remarks are presented.162

2. Data and Method163

A historical atmospheric reanalysis was performed from 1850 to 2015, in164

which atmospheric circulations were updated by assimilating surface pres-165

sure observations every three hours with an ensemble Kalman filter using an166

atmospheric general circulation model (AGCM). The end of the reanalysis167

period was due to the availability of the observations used this time. In this168

study, the historical reanalysis is referred to as over-centennial atmospheric169

data assimilation (OCADA). This nickname is a play on the family name170

of Dr. Takematsu Okada (1874–1956) who was the fourth Director General171

of the Central Meteorological Observatory of Japan. He contributed to the172
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modernization of Japan’s early meteorological and maritime services and173

observation networks.174

The spectral atmospheric model used in this study is a version of the175

Meteorological Research Institute AGCM: MRI-AGCM3.2 (Mizuta et al.176

2012). The spectral model resolution was TL319 (approximately 60 km177

at the equator) with 64 vertical levels from the surface to 0.01 hPa. The178

model was configured for long-term integration with prescribed CMIP Phase179

5 greenhouse gases, aerosols, and ozone concentrations (Taylor et al. 2012),180

and has been applied to past climate simulations and future climate pro-181

jections (Mizuta et al. 2012, 2017). A database of climate simulations with182

MRI-AGCM3.2 is known as d4PDF (database for policy decision making183

for future climate changes; (Mizuta et al. 2017; Fujita et al. 2019; Nosaka184

et al. 2020). Many studies using d4PDF have reported that the simulation185

is superior in reproducing atmospheric phenomena in response to global SST186

variations due to the use of a 60-km atmospheric model and 100 ensemble187

members of model simulations (Ishii and Mori 2020). Therefore, the same188

model setup used in d4PDF was chosen for the present reanalysis. The189

AGCM boundary condition at the sea surface was given by the observed190

sea surface temperatures from COBE-SST2 (Hirahara et al. 2014) in the191

reanalysis, as in d4PDF.192

Two major observational datasets relelated to surface pressure were193
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used in OCADA,: the International Surface Pressure Databank version 4.7194

(ISPD; Compo et al., 2019) and the International Best Track Archive for195

Climate Stewardship version 4 (IBTrACS; Knapp et al., 2018). IBTrACS196

was used to control the positions and intensities of model-simulated tropical197

storms during data assimilation, as described below. In addition, surface198

pressure observations over East and South-East Asia before World War II199

were newly digitized and were used first time in this study.200

The data assimilation procedure is based on Hunt et al. (2007), which is201

referred to as local ensemble transform Kalman filter (LETKF). An LETKF-202

based reanalysis system has been developed from scratch in this study. A203

series of AGCM ensemble model integrations starting with different ini-204

tial conditions were performed simultaneously, and then the model states205

were updated every three hours by LETKF. The system repeats the cycle206

of model integration and optimization for months or years of data assim-207

ilation in a single computational job. No model restarts are required at208

any time for the three-hourly LETKF procedure, making the computation209

efficient in reducing elapsed time. Through a preliminary reanalysis exper-210

iment with several different ensemble sizes, the size of LETKF was finally211

determined to be 80 which mostly minimized the differences in 2000–2004212

between OCADA and the operational reanalysis of the Japan Meteorologi-213

cal Agency (JRA-55; Kobayashi et al., 2015; Harada et al., 2016).214

8

Page 12 of 106For Peer Review



2.1 Surface Pressure Observations215

The surface pressure databank, ISPD ver. 4.7 contains observational216

data from 1806 to 2015 over global land and oceans (Compo et al. 2011).217

Worldwide data rescue efforts have collected many of these data under the218

Atmospheric Circulation Reconstructions over the Earth (ACRE) initiative219

(Allan et al. 2011). The database was merged with the latest ICOADS 3.0220

(Freeman et al. 2017) and was expanded by adding data over both land221

and oceans from new data rescue projects (Compo et al. 2019).222

Figure 1 shows the monthly surface pressure (Ps) observation records223

and global data coverage. The number of records has increased over time,224

approaching 70 million by the end of 2015. Although the Ps observations225

were recorded at various time intervals such as three and four times a day,226

depending on the stations, ships, and dates of observation, many reports227

after 1960, that is, after the International Geophysical Year, were recorded228

every three hours at 00UTC, 03UTC, and so on. The global data coverage229

increases with time before 1960 over land and before 1980 over the oceans,230

and these values are nearly constant thereafter. In addition, the coverage231

over land increases monotonically before 1960, while the coverage over the232

oceans suffers from two world wars around the mid-1910s and early 1940s.233

The peaks of the ocean data coverage in the 1850s and the 1880s were due234

to the US Maury Collection and the US Marine Meteorological Journals235
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Collection, respectively (Woodruff et al. 1987, 2011).236 Fig. 1

2.2 Tropical Cyclone Best Track Data237

The latest IBTrACS best-track archive (Knapp et al. 2018) stores the238

three-hourly track positions of tropical cyclones (TCs) over global regions239

from 1841 to 2021. The estimated or observed Ps and wind speeds at the240

TC centers are also included when they are available. The TC positions241

and central pressures were used in OCADA to reproduce past TC tracks242

and intensities as closely as observed. Because IBTrACS collected tropical243

cyclone data from all available sources, some of these ”spurs” labeled in244

IBTrACS indicate the same TC with different values among them (Schreck245

et al. 2014). Therefore, all spurs have been discarded in the present histor-246

ical reanalysis.247

Many central pressure values in IBTrACS are undefined, accounting for248

as much as half around 1980. Prior to the reanalysis, missing central pres-249

sures in IBTrACS were replaced by Ps observations better archived in ISPD250

with observation type codes related to TCs. This merged TC dataset was251

suitable to perform data assimilation for this study. The assimilation scheme252

for the TC track and intensity is described in Section 2.10.253
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2.3 Additional Surface Observations254

In addition to ISPD, Ps observations available in East and South-East255

Asia were used to improve atmospheric circulation around East Asia in256

the present reanalysis. These data have been collected from domestic data257

rescue activities in Japan, as listed in Table 1.258

The monthly reports of the Central Meteorological Observatory (CMO),259

the predecessor to the Japan Meteorological Agency, recorded observations260

from more than 100 stations in Japan. This study used Ps observations from261

66 stations (#1 in the table). Since most of the recorded Ps observations262

were instrument readings, gravity and sea level corrections were applied to263

them. From the late 19th century to the early 20th century, Japan experi-264

enced many severe meteorological phenomena that caused serious disasters.265

Therefore, Ps observations at data-available stations in Japan for five days266

around the dates of the selected individual events were intensively prepared267

to aim at better representations of the events in OCADA, digitized from the268

CMO monthly reports: 26 stations for the flash flood at Hikone in Septem-269

ber 1896, 16 stations for the TC passing over the Tokyo Bay in September270

1917, and 59 stations for Typhoon Muroto in September 1934. The severe271

weather events in 1896 and 1934 are presented in Section 4.272

Japan began systematic weather monitoring by the CMO with a mod-273

ernized observation network during the Meiji era (1868–1912). In the early274
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stages of modernization, surface observations at lighthouses were dominant275

(#2). This reanalysis used digitized records from 1877 to 1882, although276

they were available from 1872 to 1930. Before the Meiji era, weather obser-277

vations were made at limited stations at Edo (Tokyo), Dejima, Nagasaki,278

and Yokohama (#3, #4, #5, and #6). Except for those at Edo, these279

were the result of foreign labor in Japan. In addition, several observational280

reports at Philippine stations were available (Akasaka 2014; Kubota and281

Chan 2009; Kobayashi and Yamamoto 2013), and digitized Ps observations282

at 57 stations were used (#7).283

The positions and intensities of TCs during 1892–1944 over the western284

North Pacific were reported by Wadachi (1952) and Hsu et al. (1973). A285

total of 778 TCs were archived and used in this study (#8). When the286

maximum 10-m wind speeds of the TC were not available, the sustained287

wind speeds were estimated from the central pressures using the Atkinson288

and Holliday (1977) relationship. The wind data were used to verify the289

assimilation results.290

Further details of each item in Table 1 are presented in Appendix A.291
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Table 1
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A relative increase in the number of additional Ps observations to the292

ISPD version 4.7 is shown in Fig. 2. This number gradually increased from293

the late 19th century, but began to decline in the 1930s. These observations294

improve the global land surface database by a maximum about 20 %. The295

large increase is partly due to frequent daily records at many stations, with296

additional stations located only in East Asia, the Philippines, and Microne-297

sia. A spike in the 1880s was due to the inclusion of 3-hourly records per298

day in the lighthouse observations.299 Fig. 2

2.4 Land-Surface Ps Bias Corrections300

Some surface pressure observations in ISPD suffer from severe biases301

that are often observed in other types of historical observations. As shown302

by the time series of Ps anomalies relative to the JRA-55 climatology at303

a specific station (Fig. 3a), a constant bias correction does not necessarily304

work for the entire observation period at the station. Note that the model305

climatology is assumed to be the same between OCADA and JRA-55, here.306

In fact, these AGCMs are from the same lineage, although some physics307

schemes differ between the two. Different offsets often appear, exceeding308

tens of hectopascals in the time series. Several reasons for these offsets in-309

clude instrumental errors, wrong elevation records, and human errors (Allan310

and Ansell 2006; Ansell et al. 2006). Among these, sea level adjusted pres-311
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sure values with ground level elevation or vice versa are frequently observed312

in the database. Such offsets must be removed prior to climate reanalysis.313

Since it is difficult to identify the reasons for the individual offsets, observa-314

tional biases in Ps were defined as long-term averages of deviations from the315

monthly climatology interpolated to observation dates and locations. The316

elevations at the observation sites were adjusted to those of the interpo-317

lated JRA-55 grid points using a constant lapse rate. In addition, the bias318

correction scheme must work for sudden changes in the Ps anomaly time319

series as shown in Fig. 3a. Two methods have been introduced separately320

for land and ocean observations.321 Fig. 3

One for land observations was to detect long-term mean differences be-322

tween the observations and the JRA-55 climatology, and the mean differ-323

ences were defined as observational biases, assuming they were unchanged324

for certain ranges of days. Three pairs of averaging range and bias size325

thresholds were incorporated: if 365-, 182-, and 91-day averages of tem-326

porally persistent differences exceeded 3, 7, and 10 hPa, respectively, all327

Ps observations in those periods were considered biased. These thresholds328

were determined by comparing the maximum pressure changes for the three329

averaging ranges in the JRA-55 Ps time series. Observations remained un-330

changed when data samples were unavailable for 91 days. When the mag-331

nitude of the bias was less than 1.5 hPa, the bias was set to zero. The332
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correction scheme was not applied to observations related to TC. The red333

line in Fig. 3a shows an example of detected biases. Significant changes334

in Ps anomalies occur several times in the 1850s, 1870s, and 1880s, while335

no biases lasting for several years or decades are seen in four parts of the336

time series. Figure 3b depicts a histogram of the maximum magnitudes of337

the correction amounts, that is bias ×(−1), at each station. Biases were338

detected at more than 80 % of the stations, ranging from -400 hPa to 500339

hPa. The variety of biases after 1950 increased compared to before 1950,340

reflecting the increase in diversity and frequency of the observations. In341

particular, not all Ps records counted may be problematic, since JRA-55342

does not necessarily represent the truth. The biases of the additional ob-343

servations (Section 2.3) were mostly detected within ± 3 hPa, and their344

mean differences from the JRA-55 climatology were within ± 1 hPa after345

the correction.346

2.5 Maritime Ps Bias Corrections347

Unlike the measurements at land stations, the positions of the ship Ps348

observations are generally moving. In addition, the ship call signs iden-349

tifying individual ships are not well known in the observation databases350

(Ishii et al. 2005). Therefore, another method for the bias detection of ship351

observations has been introduced. A ship-observed value relative to the352
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JRA-55 climatology was compared separately with observations at stations353

within 110 km and 1 hr and those of the other ships within 220 km and 2354

hr around the ship under inspection. The station data used were already355

bias-corrected, and those with elevations less than 25 m were chosen. An356

average of the differences sampled by either type of comparison is a can-357

didate for ship observation bias. The comparison with land stations has a358

higher priority, and a median filter was applied before averaging to exclude359

outliers. An advantage of this procedure is that it does not require long-360

term records for comparison. As a result, biases were successfully obtained361

for more than half of the all ships after 1900, but only a few percent before362

1900. Most of the biases were distributed within ± 100 hPa, and those in363

the 19th century were difficult to compute due to data sparseness. Because364

metadata such as ship call sign and barometer height were not considered365

this time, there is much room for improvement in this method. Ship obser-366

vations are considered unbiased when the absolute biases are less than 1.5367

hPa, which is the same as for station observations.368

2.6 Evaluation of Bias Correction Methods369

Before conducting the reanalysis with the bias-corrected observations, a370

statistical-based objective analysis of 6-hourly sea level pressure (SLP) from371

1845 to 2015 was conducted on a global 1° longitude × 1° latitude grid. This372
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is a sister product called COBE-SLP2 for sea surface temperature analysis,373

COBE-SST2 (Ishii et al. 2005; Hirahara et al. 2014), and is a counterpart374

of Haldley Center monthly historical mean sea level pressure (HadSLP2;375

Allan and Ansell, 2006) and a daily mean sea level pressure reconstruction376

over a European-North Atlantic region (Ansell et al. 2006). Two types377

of statistical analyses were performed using bias-corrected and uncorrected378

Ps observations, and the 6-hourly analysis was computed as the sum of379

the JRA-55 monthly climatology, the reconstructed 30-day mean anomalies380

relative to the climatology, and 6-hourly changes relative to the monthly381

anomalies. The 6-hourly statistical analysis mimics the historical reanalysis382

with respect to sub-daily intervals, and its computational cost is much lower383

than that of the reanalysis.384

The bias-corrected SLP analysis is in good agreement with the opera-385

tional reanalysis for a period after 1960 (Fig. 4). The anomaly correlation386

coefficients (ACCs) against ERA5 are mostly between 0.8 and 0.96 over the387

Northern Hemisphere (NH), while those for the Southern Hemisphere (SH)388

are slightly smaller. There is a strong (weak) seasonality in ACCs in NH389

(SH): high correlation in winter and low in summer. Here, ERA5 is assumed390

to be close to the truth. The similarity between COBE-SLP2 and ERA5391

remains high over the period globally. The ACCs of JRA-55 in SH before392

1980 is gradually worse backward in time, probably due to the use of an393
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older observational database in JRA-55.394 Fig. 4

Figure 5 shows 100-yr trends in SLP and global and hemispheric mean395

SLP time series obtained from statistical analyses. The magnitudes of the396

local trends became small in the bias-corrected analysis. In case of the397

uncorrected data, there were large positive trends in mountainous regions398

such as the Rocky Mountains, southern Brazil, Australia, and some areas399

of Africa, and negative trends around Greenland, the coastal regions of400

Antarctica, Cuba, and the Philippines. There were significant positive bi-401

ases over Eurasia in the early 20th century (not shown), and the Ps biases402

were substantially removed by bias correction, as observed in the northern403

hemisphere mean SLP time series. These results suggest that the biases404

over land are more severe than those over the oceans.405 Fig. 5

The global mean Ps represents the total atmospheric mass, and varia-406

tions in the water vapor content and greenhouse gases in the atmosphere407

may cause atmospheric mass changes (Trenberth and Smith 2005). For ex-408

ample, observed column integrated water vapor increased by 5± 0.36 %/K409

at a 5% significance level between 1988–2014 (Allan et al. 2022). This cor-410

responds to an increase of 0.06 hPa. However, this this change cannot be411

comfirmed by our statistical analysis because the global mean SLPs in Fig.412

5 fluctuated within±0.1 hPa, which is twice the observed trend. Meanwhile,413

it became clear that the hemispheric averages of one hemisphere compen-414
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sated for the other around the global mean on decadal time scales when the415

biases were corrected. A similar compensation was confirmed in the sea-416

sonal cycle of Ps ranging at ± 1 hPa due to dry air and moisture changes417

caused by the tropical and subtropical monsoonal activities (Trenberth and418

Smith 2005).419

In the present reanalysis, Ps observations with absolute biases larger420

than 150 hPa (100 hPa) over land (oceans) were not used. After sub-421

tracting the biases from the Ps observations, the corrected observations422

were inspected using quality control procedures: gross error check of the423

observation minus guess, buddy check, and data thinning, following Ishii424

et al. (2005) and Hirahara et al. (2014).425

2.7 SST and Its Perturbations426

The gridded SST observations given by COBE-SST2 (Hirahara et al.427

2014) are based on an objective analysis of SST observations, and are de-428

fined on a monthly 1° longitude × 1° latitude grid. The reliability of SST429

is affected by the observation distribution in space and time. The uncer-430

tainty information was provided by COBE-SST2 as analysis errors at all431

grid points. The globally averaged analysis errors decrease approximately432

with time (Fig. 1). The reasons for the temporal peaks and troughs in433

the time series are similar to those presented in Section 2.1. In the histori-434
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cal analysis, COBE-SST2 was interpolated to daily, and SST perturbations435

with amplitudes proportional to the analysis errors were constructed and436

used in the LETKF.437

The set of SST perturbations represents random fluctuations at grid438

points on assimilation dates between different members of the LETKF.439

Meanwhile, the spatiotemporal changes in each member of the perturbed440

SSTs are continuous. The perturbed SSTs were composed of variations de-441

pending on the uncertainty of COBE-SST2 plus those due to ocean eddies.442

These two parts are independent of one another. The reason for using eddy-443

related perturbations is that SST variations due to ocean eddies are poorly444

represented in COBE-SST2 which is based on in situ observations only. The445

sea ice concentration included in COBE-SST2 was also perturbed consis-446

tently with the SST perturbations at each grid point. The construction of447

the SST perturbations is detailed in Appendix B.448

There are advantages to using of SST perturbations in SST-forced AGCM449

experiments. Actual atmospheric events regarded as natural variations450

probabilistically respond to the observed SSTs; therefore ensemble AGCM451

experiments with different initial conditions are often performed (e.g., Watan-452

abe et al., 2013). In such experiments, SST perturbations work effectively453

according to our experience (Appendix B). In addition, different initial con-454

ditions are not always necessary, as the perturbed SSTs alone excite a455
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comparable internal variability in the AGCM. Similar SST perturbations456

have already been used in a large ensemble climate simulation aimed at457

future changes in atmospheric extremes (Mizuta et al. 2017; Fujita et al.458

2019; Nosaka et al. 2020), known as d4PDF. Many studies using d4PDF459

simulations have been undertaken to understand the probabilistic behav-460

ior of natural variations such as typhoon activity, monsoons, blocking, and461

atmospheric rivers (Ishii and Mori 2020).462

In OCADA, SST perturbations act as a source of observational uncer-463

tainties in the atmospheric circulations, and standardize the probabilistic464

AGCM responses to observed SSTs (Poli et al. 2016). The ensemble spread465

of OCADA reflects the SST perturbations over time (Fig. 1). Before the466

1870s, the SST anomalies over the Niño3 region (150°W – 90°W, 5°S – 5°N)467

suffered from large uncertainties (Fig. 13 of Hirahara et al., 2014), and cor-468

respondingly large ensemble spreads appeared in OCADA. In this case, the469

ensemble mean states may be featureless. This point needs to be considered470

when defining the LETKF parameters, as discussed later.471

2.8 Data Used for Verification472

The historical reanalysis OCADA was verified with observations and re-473

analyses. The observations used were independent of the current reanalysis:474

surface air temperature, upper air temperature, and rain gauge precipita-475
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tion. These gridded observations cover a period of more than 60 years.476

CRUTEM5 stores monthly surface air temperature anomalies relative to477

the 1961-1990 average (Osborn and Jones 2014), and the temperatures are478

defined only on land from 1850 onward on a 5° × 5° longitude-latitude479

grid. Monthly upper air temperature data, HadAT2 (Thorne et al. 2005),480

are based on radiosonde observations, and their anomalies from the 1966481

– 1995 climatology at nine pressure levels from 850 hPa to 30 hPa were482

provided on a 10° × 5° longitude-latitude basis from 1958 to 2012. The483

observational precipitation dataset used in this study is provided by the484

Global Precipitation Climatology Center (GPCC) of the Deutscher Wetter-485

dienst (Schneider et al. 2010). The dataset contains monthly precipitation486

amounts from 1901 to 2020, defined on a 0.5° × 0.5° longitude-latitude grid487

over the global land area, excluding the Antarctic continent.488

Several previously published atmospheric reanalyses were used for com-489

parison; conventional reanalyses used all available observations including490

satellite observations: JRA-55 (Kobayashi et al. 2015) and ERA5 (Hers-491

bach et al. 2020), and one with only surface pressure observations: 20CRv3492

(Slivinski et al. 2019). The present historical reanalysis is a counterpart to493

20CR.494

An observation network called “KUNAI-KANSOKU” or “KUNAI” was495

the predecessor of the present Automated Meteorological Data Acquisition496
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System (AMeDAS) maintained by the Japan Meteorological Agency. In497

the AMeDAS network, surface meteorological observations have been made498

at stations about 17 km apart over the Japan Islands, while a similar ob-499

servation density to AMeDAS was maintained in KUNAI (Fujibe 2012).500

Precipitation observations from the latter were recorded once a day, and501

some of the data records were digitized with the support of domestic re-502

search funds in Japan (Fujibe 2008; Matsumoto 2013). The data were used503

to verify a severe atmospheric event in 1934.504

2.9 Data Assimilation505

The atmospheric model was integrated, assimilating the two-dimensional506

surface pressure at three-hourly intervals using an 80-member LETKF scheme.507

Simultaneously, the three-dimensional zonal and meridional winds, air tem-508

perature, and specific humidity are updated in the model consistently with509

the analyzed surface pressure field. The LETKF scheme follows Hunt510

et al. (2007) with an extension of a four-dimensional ensemble Kalman fil-511

ter (Hunt et al. 2004). For instance, at 03UTC, observations for 3 hours512

after 00UTC are used to compare model states with spatiotemporally collo-513

cated observations. An optimal atmospheric state was obtained by adding514

the analyzed increments to the model background field, and the model was515

restarted from this state.516
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Localization and inflation are important LETKF parameters (Hunt et al.517

2007). The localization parameters, which limit the spatial range of the im-518

pact of observations, were set to 3,000 km and 400 hPa in the horizontal and519

vertical directions, respectively. The inverse observational errors are mul-520

tiplied by weights given by a function (Gaspari and Cohn 1999), ensuring521

zero weights at twice the localization scale. Inflation of the ensemble AGCM522

spread is necessary to compensate for the lack of spreads due to the limited523

ensemble size. In the historical reanalysis, the chosen inflation factors varied524

in space and time, considering the characteristics of atmospheric variations525

and changes in observational distributions (Whitaker et al. 2004; Compo526

et al. 2011). Considering the aforementioned SST perturbations, the in-527

flation parameters were set to smaller values than in the case where the528

perturbed SSTs are not used: 1.1, 1.01, and 1.01 for 30 °N – 90 °N, 10°S –529

10 °N, and 90°S – 30 °S, respectively. Those from 10° to 30 ° are linearly530

interpolated. In the vertical direction, the inflation beneath the 200 hPa531

level is the same as at the surface and is linearly reduced toward 30 hPa532

and zero above 30 hPa. This set of inflation factors was unchanged for533

years after 1980 because the global observational coverage shown in Fig.534

1 saturates over this period. As the SST perturbations inflate the model535

ensemble spread, the LETKF inflation factors were set to zero before 1946.536

The inflation factors were linearly interpolated between 1946 and 1980. It537
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was confirmed that the model ensemble spread is sufficiently represented538

by the SST perturbation alone in model runs without observational con-539

straints. Therefore, it is expected that further inflation by using the factor540

will sometimes result in too much ensemble spread or too large increments.541

That is why the inflation factor before 1946 is set zero in this study.542

The ratio of the error standard deviations of the surface pressure between543

the model and the observations was set to 1:4. To avoid spurious diffusion in544

the model integration for data assimilation, a fourth-order hyperdiffusion545

was applied to the optimal states. This acted as a low-pass filter in the546

horizontal sigma plane, while no filter was used in the vertical direction.547

2.10 Tropical Cyclone Data Assimilation548

Tropical storms cause severe damage to societies in East and South-East549

Asia. One of the purposes of the current climate reanalysis documented here550

is to understand the past severe weather systems. Therefore, this reanaly-551

sis incorporates data assimilation of tropical cyclone tracks. To accomplish552

this, model simulated cyclones are forced to maintain their observed posi-553

tion and intensity as much as possible by assimilating an additional set of554

13 artificial Ps observations around the center of each observed TC. The ar-555

tificial observations were placed at the center and at the eastern, northern,556

western, and southern points of three concentric circles separated by two557
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geodetic degrees (Fiorino 2002; Onogi et al. 2007). Their pressure values558

were defined with respect to a cyclone in the ensemble mean background559

state spatially closest to the observation, approximating the structure of560

the model-generated TC by fitting the Schloemer (1954) formula with a561

Newton’s method:562

P (r) = Pc + |∆P | exp(−r/R), (1)

where Pc is the central pressure, ∆P is the amount of depression from the563

ambient pressure, r is the distance from the center, and R is a parameter564

that determines the horizontal structure of the TC. Using Eq. (1), the four565

observations along a concentric circle have the same values.566

In most cases, it was possible to find a model-generated storm near the567

observed TC within four geodetic degrees from the center of the TC, as568

demonstrated in Section 3.1. To ensure that the assimilated TC is close569

to the observation in terms of position and intensity, a penalty depending570

on the distance between the model and observed TCs is imposed on the571

observation-minus-guess values and the inverse observation error variance;572

the penalty for the former is subtraction by ad/2, and that for the latter573

is multiplication by 1 + ad/2, where a is a constant and d is the distance574

between the model-generated and observed locations. Here, a is set to 1,575

and d is upper bounded within two geodetic degrees. The error variances of576

the concentric observations were magnified by factors ranging from 1 to 3:577
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the observations were more credible the farther they were from the center of578

TC. This minimized the distortions of the analyzed fields, especially along579

the outermost circle.580

If the central Ps observation is available in the ISPD-combined IBTrACS581

(Section 2.2), the artificial observations are modified, preserving their spa-582

tial structure, after replacing Pc with actual observations and preserving the583

TC structure given by Eq. (1). In the initial stage of TC, the depression584

7.5 hPa and R = 1 in geodetic degree are given a priori only in the case of585

no pressure observations and no model-generated TCs in the vicinity of the586

observations.587

A tropical cyclone generated in the model was grown or decayed by588

correcting its position and intensity at the surface using the above assimi-589

lation scheme. The TC structure is determined by the model physics and590

dynamics. In fact, the positions of the observed TCs were well maintained591

in the model mostly when the distances between the model-generated and592

observed TCs were within two geodetic degrees. In other cases, a new TC593

was placed in the model, or the model surface pressures were changed. The594

radial array of Ps observations used in the data assimilation was made in595

the shape of the model-simulated storm. Hereafter, they are referred to as596

pseudo-observations imitating model-simulated TC (POIMT). As described597

above, the present methodology using POIMT is much simpler than that598
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with the prescribed dynamic and thermodynamic structures of a hurricane599

vortex, which has been widely used (e.g., Kurihara et al., 1993; Zou and600

Xiao, 2000; Kobayashi et al., 2015), and non-symmetric structures of TC601

were ignored in POIMT.602

3. Reanalysis Results603

The reanalysis integration started in January 1845, and the results from604

1850 to 2015 are presented in this section. The ensemble means and spreads605

of the 80-member ensemble data assimilation were computed on the TL319606

Gaussian grid, while the outputs of all ensemble members were converted607

to a 1° × 1° grid for convenience of data handling and storage. The model608

output variables are slightly more than, but mostly the same as those of609

d4PDF. The volume of all output from one member was approximately 2.7610

terabytes.611

3.1 Near Surface612

Only surface pressure (Ps) observations were assimilated in MRI-AGCM3.2613

with the lower boundary condition given by the perturbed observational614

SSTs. Model Ps necessarily approaches observations over the globe be-615

cause of the use of data assimilation (Fig. 6). From 1979 to 2015, when616

the ERA5 used satellite observations on a full scale, the correlation coef-617
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ficients of monthly Ps between OCADA and ERA5 exceeded 0.85 in most618

regions. Before the satellite era (1958–1978), OCADA still agrees satisfac-619

torily with the ERA5 with correlation coefficients greater than 0.8 north of620

60°S. Hatched areas spreading over the southern oceans appear less confi-621

dent; “confidence” denoted by 1 − σens/σclim is less than 0.35, where σens622

and σclim indicate ensemble spreads and interannual standard deviations,623

respectively. The threshold of 0.35 was taken from Slivinski et al. (2021).624

Poor agreement in highland areas, such as the Tibetan Plateau, Rocky625

Mountains, and Central Africa, may be due to insufficient data samples or626

inadequate Ps bias correction, some of which originates from JRA-55 as627

seen in other reanalyses (Allan and Ansell 2006). The relatively low corre-628

lation coefficients in the southern oceans may be caused by relatively few629

observations there, and the amplitudes of the Ps anomalies were smaller by630

1–3 hPa than in ERA5.631 Fig. 6

The surface air temperature (SAT) and precipitation of OCADA were632

compared with the observational data provided by the Climate Research633

Unit of the University of East Anglia. The CRUTEM5 for temperature and634

GPCC for precipitation used in this study are the latest and available over635

land. The comparison provides independent validation of the reanalysis636

because surface observations, except for Ps, were not used in OCADA.637

Figure 7 shows good agreement between the ensemble means and the638
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SAT and precipitation observations over global, European, and East Asian639

regions. In the early period in panel (c), differences are likely due to better640

representation of East Asian surface temperature in OCADA by incorpo-641

rating new historical Ps data, while CRUTEM5 may be less credible before642

1890. The atmospheric models used in OCADA and JRA-55 have similar643

characteristics each other because some physics schemes are similar between644

them. However, excessive precipitation over the tropics observed in JRA-55645

(Kobayashi et al. 2015) was not seen in OCADA, probably because a dif-646

ferent cumulus convection scheme is used in MRI-AGCM3.2 (Mizuta et al.647

2012). The confidence intervals for SAT given by the ensemble spreads are648

small in the later decades due to the increasing number of surface obser-649

vations (Fig. 1). In contrast, those for precipitation are substantial even650

in recent years, reflecting discrepancies largely at local scales. Large global651

mean SAT differences are seen in the 1920s and around 2000, which are652

caused by unwanted mismatches mainly over Eurasia and North America,653

respectively (cf., Fig. 5 and Fig. S-1 of Supplemental Materials). These654

errors seem to be related to biased observations in mountainous areas, prob-655

ably due to the inclusion of observational pressure biases. The differences656

in global SAT (panel a) and East Asian precipitation (panel f) appear large657

around 1910–1930. These might be caused by some biases recently reported658

by Chan et al. (2019), which are not yet properly handled in COBE-SST2,659
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or by temporally invariant aerosol and ozone concentrations externally given660

to the model (Mizuta et al. 2017).661 Fig. 7

The reproduction of realistic tropical cyclones is one of the main subjects662

of the present reanalysis because they play a critical role in natural disas-663

ters in East Asia. Figure 8 shows an example of the assimilated TC named664

Tokage that hit Japan on October 20, 2004. According to local measure-665

ment reports, the central surface pressure reached 955 hPa at 06UTC, while666

those of 966 hPa and 976 hPa were reached for OCADA and JRA-55, respec-667

tively. The difference of about 10 hPa in the central Ps between OCADA668

and JRA-55 seems remarkable, since the ensemble spread at the center of669

the TC is approximately 5 hPa. The TC reproducibility of MRI-AGCM670

has been investigated by previous studies in terms of occurrence frequency,671

spatiotemporal distribution, and intensity (Murakami et al. 2012; Mizuta672

et al. 2017; Yoshida et al. 2017). Overall, the model favorably captures the673

characteristics of actual TCs. In addition, the TC track data assimilation674

embedded in OCADA appears to work as expected. Although the 60-km675

AGCM is not good at representing terrain-trapped precipitation along the676

Japanese archipelago, the precipitation amounts of two reanalyses are com-677

parable to those of GPCC and a local observation network in Japan (Fig.678

S-2 of Supplemental Material).679 Fig. 8

The LETKF procedure corrects the position of the model-predicted TC680
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to that of the observations by assimilating POIMT (Section 2.10). The681

following results compare six-hourly TC track positions and intensities be-682

tween OCADA and IBTrACS. In this comparison, reanalysis SLPs were683

searched for TCs within six geodetic degrees around the observed TCs in684

the IBTrACS. Since the track information and central TC pressures of IB-685

TrACS were assimilated in the present reanalysis, the comparison shown686

below is not independent for these two variables. For the maximum 10-m687

wind speed, the comparison result will provide an incomplete verification,688

as many of them are estimated from corresponding pressure fields.689

The mean position errors, which are the distances between the analyzed690

and observed TCs, were within 2.3 geodetic degrees for all TCs for the entire691

reanalysis period, and within 3 geodetic degrees between the predicted and692

observed TCs. The threshold of 2° adopted as the spatial scale of the693

penalty, d (Section 2.10), is close to these values. The correction amounts694

of the global TC positions obtained by the LETKF resulted in 0.7 – 1°695

over time. Approximately 50 % of all predicted TCs before 1950 and 25696

% in recent decades had position errors larger than 2°. The decreasing697

errors with time imply that the model background fields become suitable698

for maintaining model-simulated TCs as observed (Fig. 1).699

Figure 9 shows the effectiveness of OCADA in reproducing TC activities700

in recent decades, compared with JRA-55, ERA5, and 20CR, based on all701

33

Page 37 of 106 For Peer Review



6-hourly TC samples from the genesis to the decay. The position errors are702

mostly within 2°, and the differences in central pressure and maximum 10-m703

wind speed are approximately within ± 10 hPa and ± 10 ms−1, respectively.704

Table 2 shows the quantitative comparison of these errors. In particular,705

the errors of the OCADA’s central pressure are smaller than those of the706

other reanalyses. The tropical cyclones represented by OCADA are gener-707

ally close to observations. The TC intensities of OCADA tend to be weaker708

than those of IBTrACS. However, the absolute TC intensity distributions709

appear to be in good agreement with those of IBTrACS. Furthermore, se-710

vere TCs exist in OCADA with a frequency of more than 80 % of the711

observations, using severity thresholds of severance: 982.5 hPa and 27.5712

ms−1for central pressure and maximum 10-m wind, respectively (Table 2).713

The frequency of 20CR is also higher than in the conventional reanalyses.714

The reanalysis with only surface observations may have an advantage in715

reproducing TC activities near the surface. Baker et al. (2021) showed that716

TC activities are underrepresented in conventional reanalyses such as JRA-717

55 and ERA5. Similarly, TCs with central pressures below 990 hPa and718

maximum 10-m winds above 20 ms−1appear weak in this comparison. In719

contrast, the position errors within 1° are more dominant in the two conven-720

tional reanalyses than in OCADA. Other statistics with minimum pressure721

and maximum 10-m wind samples of each TC (not shown) showed a similar722
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result to Fig. 9. In JRA-55, unrealistic weakening trends in the analyzed723

tropical cyclone intensity were reported by Kobayashi et al. (2015), but no724

such thing was confirmed in OCADA. Note that no specific TC assimilation725

scheme was adopted in ERA5 and 20CR.726 Fig. 9

Table 2

3.2 Upper Air727

The three-hourly atmospheric upper air states were updated by assim-728

ilating only surface pressure observations. Therefore, the quality of the729

OCADA largely depends on the assimilation scheme and model performance730

adopted in the reanalysis experiment and the observation density varying731

in space and time.732

Figure 10 displays anomaly correlation coefficients (ACCs) of air tem-733

perature between the reanalyses and HadAT for the whole period of HadAT734

(1958 – 2012). The variations in upper air temperatures are well represented735

in JRA-55, which used radio-sonde observations. In contrast, the two his-736

torical reanalyses of OCADA and 20CR reasonably present the variations737

at the 500 hPa level, but those at 200 hPa poorly agree with the observa-738

tions, despite the data-rich period. This might be a limitation of the current739

historical reanalyses. OCADA Surface pressures agree well with ERA-5 on740

land rather than in the tropical and southern oceans (Fig. 6). Similar pat-741

terns are observed for upper air temperatures. HadAT is based only on742
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radio-sonde observations which have been carefully inspected to minimize743

the effect of any pervasive biases (Thorne et al. 2005). However, none of744

the reanalyses considered here well represent the observed variations over745

India and the African Continent.746 Fig. 10

Figure 11 displays monthly root-mean-square differences (RMSDs) of747

zonal mean upper air temperature and zonal wind in d4PDF, OCADA, and748

20CR, compared with ERA5. The same AGCM was used in OCADA and749

d4PDF, the latter of which is free from observations. Comparing OCADA750

to d4PDF, the improvement due to data assimilation is more obvious for the751

zonal wind than for the air temperature. In high latitudes, the RMSDs of752

two variables are slightly larger in OCADA than in 20CR. Large RMSDs in753

air temperature of OCADA around 60°N near the surface originated mainly754

from disagreement with ERA5 over land areas. These features are com-755

monly seen in JRA-55; a possible reason is differences between the boundary756

layer schemes of the modeling centers. When the reference is changed from757

ERA5 to JRA-55, the situation between OCADA and 20CR is apparently758

reversed (not shown). Consequently, the quality of OCADA, particularly759

in the upper air and at high latitudes, substantially depends on the atmo-760

spheric model used.761 Fig. 11

The geopotential height at the 500 hPa isobar surface, which is a repre-762

sentative variable in the troposphere, is a good indicator of the skill of daily763
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weather forecasts (e.g., Magnusson and Källén, 2013). Figure 12 shows the764

RMSDs of the 500 hPa geopotential height between OCADA and JRA-55765

for the northern (20°N – 80°N) and southern (80°S – 20°S) hemispheres.766

The annual mean RMSDs in the Northern Hemisphere were less than 30 m767

for most of the period, sometimes exceeded 30 m, and were mostly constant768

from 1958 to 2015. Seasonal dependencies appear in the 6-hourly RMSDs:769

larger RMSDs from winter to spring and smaller from summer to autumn in770

both hemispheres, although the seasonality is not so robust. The dominant771

daily weather systems in each season may have influenced this result. A772

previous study (Compo et al. 2006) reported that the RMSDs of 20CR cor-773

respond to those of the 3-4-day lead weather forecast at operational centers,774

and the latest 20CR maintains this quality level against the latest weather775

forecasts at the ECMWF (blue lines in Fig. 12 and 25–30 hPa shown in776

Fig. 5 of Slivinski et al., 2021). In the Southern Hemisphere, RMSDs are777

larger than those in the Northern Hemisphere, and they decrease in time778

from 90 m to 40 m. Compared with 20CR, RMSDs of OCADA are 20779

%–30 % larger in the Northern Hemisphere. It is inferred from the smaller780

spreads than RMSDs in OCADA that the required inflation factors or the781

SST perturbations are insufficient (Section 2.9).782 Fig. 12
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3.3 Validation of Reanalysis Uncertainties783

Another approach was taken to validate the ensemble spreads of OCADA784

and to evaluate the impact of additional Ps observations in East and South-785

East Asia on the reanalysis for the period before ERA5 and JRA-55 became786

available. We assumed that the number of observations is the main factor787

for the uncertainties in OCADA. To estimate the uncertainties, pseudo-788

reanalysis experiments for 2001 were performed with collocated Ps obser-789

vations corresponding to those of a past year. The years for the pseudo-790

reanalysis were chosen every 20 years from 1865 to 1965. The uncertainties791

of the reanalysis for these years were computed as RMSDs between the792

pseudo- and the original reanalysis with the full set of Ps observations, as-793

suming that the original reanalysis is the truth. Similar approaches have794

been adopted to validate analysis errors in statistical analyses of oceano-795

graphic elements (e.g., Hirahara et al., 2014; Ishii et al., 2017).796

Figure 13 demonstrates the reduction of uncertainties in global mean797

geopotential height profiles and hemispheric and tropical-subtropical mean798

surface pressures by comparing RMSDs and spreads. The maximum geopo-799

tential RMSDs appeared at levels near the centers of the subtropical jets and800

the minimum RMSDs near the surface throughout the period. The RMSDs801

decrease over the period due to the increasing number of observations avail-802

able in the database (Fig. 1). This test showed that the uncertainties803
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represented by RMSD and the spread agree well with each other, and that804

the spreads are rather sensitive to changes in the number of observations.805

Notably, the years 1885 and 1945 are rather irregular in terms of data avail-806

ability: the number of observations increases in the former and oppositely807

decrease in the latter owing to World War II (Section 2.1). The ensemble808

spread was slightly underestimated before 1920, and this underestimation809

appears severe in the Northern Hemisphere spread of surface pressure. In810

contrast, the spreads in low latitudes and the Southern Hemisphere are811

comparable to the corresponding RMSDs.812 Fig. 13

Figure 14 shows the relative decreases in RMSDs of 500 hPa geopotential813

height and SLP due to the additional observations in East and South-East814

Asia (Section 2.3) by comparing RMSDs of the pseudo-reanalyses with and815

without the additional observations in 1925. Sizable reductions of the un-816

certainties in geopotential height and SLP are observed in East Asia, and817

the areas of reduction extend eastward to the dateline. In the tropical818

region, the reduction is less impressive likely because the observed SSTs819

dominantly determine the atmospheric circulations there (Fig. 11). The820

zonal extent of the RMSD reduction areas in the tropics should be close to821

the scale of the atmospheric tides, which is approximately 90° of longitude.822

Such features are confirmed in the figure, although the signals are weak.823

In the meantime, RMSDs become larger particularly in West Asia, North824
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America, Alaska, and Europe. It is unlikely that the improvement over the825

East Asia prolongs along the subtropical jet on the 500 hPa isobaric surface.826

The reason is unclear, but direct observations may be needed to determine827

the upper air conditions over the western North America and some areas828

in Eurasia. Regarding TCs, no significant improvement was confirmed in829

these experiments. In fact, Ps observations near the TC centers are scarce,830

and hence, the accuracy of TC center positions is primarily important. In831

contrast, surface observations around TCs should be beneficial to realize the832

environmental conditions for TCs. However, the latter remains unsolved.833 Fig. 14

4. Severe Events before WW-II in Japan834

The latest Intergovernmental Panel on Climate Change Assessment Re-835

port states that global warming brings with it the threat of heavy precipi-836

tation (Masson-Delmotte et al. 2021). However, historical records suggest837

possible candidates for extreme precipitation events more threatening than838

those observed after the International Geophysical Year. In Japan, one of839

them is a heavy precipitation event that occurred in Hikone, located around840

the center of Honshu Island. The event occurred in September 1896, and841

a daily rainfall amount of approximately 600 mm/day was reported in the842

observation records (Okuda 1981). In addition, the water level of Lake843

Biwa near Hikone and the largest in this country, reached approximately 4844
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m, according to a Japanese flood information site (Shiga Prefecture 2020).845

The return period of the 600 mm rainfall at Hikone was out of extreme846

statistics (Suzuki and Kikuchihara 1984) or was estimated as ten thousand847

years (Fujibe 2010). Internal variations in the atmosphere are rich in vari-848

ety. Therefore, understanding such extreme events is essential for advancing849

research in meteorology and climatology.850

The Hikone heavy rainfall event was plausibly reproduced in OCADA851

(Fig. 15), although the precipitation amount was approximately a quar-852

ter of that observed. Given this, we should consider the appropriateness853

of using POIMT around the observed tropical cyclone. As mentioned in854

Section 2.10, POIMT is based on model-simulated tropical cyclones that855

were used to maintain the track close to the observation. If POIMT had856

not been used, the event would not have been effectively simulated, be-857

cause station and ship observations are scarcely available. This historical858

reanalysis was produced with the goal of its practical use for meteorological859

and climatological studies and various climate impact assessment studies860

for specific East Asian regions. Therefore, the assimilation of POIMT was861

adopted in OCADA. Note that the heavy precipitation northwest of the862

TC shown in the figure is probably unrealistic according to the literature863

(Watanabe 2012) and observational records maintained by the Japan Me-864

teorological Agency. The imperfection of the TC simulation as well as the865
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data assimilation may affect the present result.866 Fig. 15

Examining the appropriateness of reanalysis with POIMT in a meteo-867

rological sense might be possible using locally available observations. For868

example, it is inferred from the weather map and available precipitation869

observations for the Hikone case that a seasonal rain front located over870

Honshu Island, activated by a southern typhoon, brought heavy rainfall871

(Okuda 1981). To further understand the event, one approach is dynamical872

downscaling with a higher-resolution regional model equipped with more873

realistic topography and sophisticated physics than the global model. The874

regional model can then be used to quantitatively reproduce an event and875

how it occurs.876

Figure 16 shows the result of downscaling for another significant event,877

Typhoon Muroto, in September 1934, for which KUNAI observations are878

available. A regional model NHRCM (Non-Hydrostatic Regional Climate879

Model; Sasaki et al., 2011) was used for it. This model is also the same880

as the one used in d4PDF, and the horizontal resolution of NHRCM is 20881

km. The regional model started on July 1 of the same year from an ini-882

tial condition given by the global model and was integrated constraining883

NHRCM along the computational domain boundary derived from OCADA.884

In addition, prognostic variables in NHRCM were nudged to OCADA of low885

wave numbers in the upper air. The downscaling is promising. As observed,886
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the distribution of weak and strong precipitation areas was represented in887

the downscaling, and topographical effects on precipitation were confirmed.888

The precipitation in front of the TC is weaker in the global model than889

in NHRCM. Compared with KUNAI, the 20-km resolution of NHRCM ap-890

pears to be insufficient to represent terrain trapped precipitation. Further891

downscaling up to 5 km or 2 km resolution is planned in future studies for892

more detailed information on the extreme events.893 Fig. 16

5. Concluding Remarks894

This study presented a historical atmospheric reanalysis from 1850 to895

2015 using a 60-km mesh AGCM and surface pressure (Ps) observations.896

The three-dimensional atmospheric states were updated by assimilating sur-897

face observations with an 80-member LETKF scheme constructed in this898

study. The pressure observations were taken from ISPD version 4.7, and899

additional East and South-East Asia observations were included here. A900

scheme specifically designed for assimilating the observed tropical cyclone901

tracks and intensities was incorporated into it. Sea surface temperatures902

from COBE-SST2 were used for the ocean surface boundary condition of903

AGCM during the assimilation integration, and 80 sets of perturbed COBE-904

SST2 were used to drive the individual members of the LETKF. Prior to905

the reanalysis, large Ps biases in the observations were removed so that906
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the long-term averages were close to the JRA-55 climatology. In addition,907

newly archived observations, mostly in East and South-East Asia, provided908

frequent daily records that increased the total volume of the Ps database909

by 20 % in the early 20th century.910

This new reanalysis, named OCADA, reproduced the atmospheric cir-911

culation and various extreme events with uncertainties equivalent to the912

LETKF ensemble spreads. The ensemble spread appears to mostly capture913

the actual uncertainty in the global means. However, those at local scales914

do not. In addition, OCADA had a lower performance in representing 500915

hPa geopotential heights compared to 20CR. These results suggest room916

for improvement in the assimilation scheme and the LETKF inflation and917

localization parameters used.918

It is difficult to perfectly remove biases from the historical observations.919

Its goal is also unclear, and there is no choice but to repeat bias corrections920

and objective analyses. The Ps bias correction schemes have been devel-921

oped separately for land stations and ships. However, this methodology922

is still under development. The choice of JRA-55 for the base field needs923

to be reconsidered, and the efficient use of the metadata could overcome924

the incompleteness of the scheme due to missing ship call signs. Regarding925

COBE-SST2, observation biases before World War II may not have been926

sufficiently removed. However, the actual biases in SST observations be-927
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fore the 1940s seem too complicated to be thoroughly removed (Chan and928

Huybers 2019). In addition, the resolution of COBE-SST2, 1° × 1°, is in-929

sufficient to resolve the variability in the Kuroshio and Gulf Stream and930

coastal regions (Reynolds et al. 2007). Careful treatment of observations931

and appropriate boundary conditions are required to reproduce regional932

climates.933

Hundreds-year-long reanalyses are essential for a deep understanding of934

the internal variety of atmospheric circulation and weather systems. Severe935

past events causing the most severe social damage may occur under current936

or future climate conditions. Meanwhile, even well-known El Niño events937

vary in many aspects on decadal time scales (e.g., Kleeman et al., 1999).938

Climate projections have been made to maintain our lifestyles in the future;939

however, global warming, which has been slowly progressing for more than940

100 years, is poorly understood. Our knowledge based on observations is941

too short to answer these questions. Understanding past atmospheric and942

climatic events through such reanalyses is promising. Atmospheric data943

rescue is also essential. Fortunately, a number of observations are available944

in Japan, although not all of them have been digitized yet. Dynamical945

downscaling from the global historical reanalysis, OCADA, could help to946

understand past extreme events and long-term climate changes in Japan.947
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Appendices992

A. Additional Observations in East and South-East993

Asia994

The sections below present the details of the additional observations995

shown in Table 1.996

a. CMO Stations (1890–1945)997

The Japan Meteorological Agency (JMA) manages the observational998

archives of the Central Meteorological Observatory (CMO), the predecessor999

of JMA, and those of the former governmental administrations and agencies.1000

The observational data were recorded on paper or microfilms. The CMO1001

data were published as monthly reports. Metadata for the use of altitude1002

and gravity adjustments were included in the records of most stations. This1003

study used observations measured at 66 CMO stations.1004

Hourly surface pressure observations at nine stations (Wakkanai, Sap-1005

poro, Hakodate, Niigata, Tokyo, Kobe, Shionomisaki, Fukuoka, Kagoshima)1006

were digitized from the original CMO books under a support of the Innova-1007

tive Program of Climate Change Projection for the 21st Century (FY2007–1008

FY2011) funded by the Ministry of Education, Culture, Sports, Science,1009

and Technology. These stations were the designated observatories of the1010
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CMO, and weather observations were maintained by trained staff members.1011

As submarine telegraph lines connecting the Japanese main islands with1012

the outlying islands became open in 1895, the CMO began to work in earnest1013

on the outlying islands. Observations at seven stations in Southwest Is-1014

lands, Kagoshima Prefecture, Hachijojima, Chichijima, and Iwoto in the1015

CMO monthly reports from 1890 to 1945 were used in this study. Station1016

pressure was recorded every one to eight hours depending on the stations,1017

and altitude and gravity adjustments were made (Kubota et al. 2016).1018

A number of overseas Japanese stations were established after the Chinese-1019

Japanese Peace Treaty of 1895 and the Russian-Japanese Peace Treaty of1020

1905. Overseas stations in Taiwan, Korea, Manchuria, China, Sakhalin,1021

and the Kuril Islands reported in the monthly reports of the CMO of Japan1022

were used from 1897 to 1941. Surface pressures at 34 stations were recorded1023

every one to eight hours depending on the stations. The same adjustments1024

as above were made.1025

Weather observations in the Micronesia Islands began in 1923 at the1026

observatory of the South Seas Bureau of the old Japanese government. The1027

CMO monthly reports include surface pressure observations made at 121028

stations in Micronesia. These data are available from 1923 to 1945 (Kubota1029

2012). The pressure data were recorded every one to twelve hours depending1030

on the stations, and altitude and gravity adjustments were made.1031
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b. Lighthouse (1877–1882)1032

In 1868 immediately after the Edo era, the new Meiji government in-1033

vited R. H. Branton from England to supervise the construction of light-1034

houses. Meteorological observations began at various lighthouses in 1872,1035

and the British Meteorological Committee compiled the records of these ob-1036

servations (Nyomura 2002). The records from 1877 were microfilmed, and1037

digitized into image files by JMA. Although Nyomura (2002) indicated that1038

the microfilm records continue to 1953, the image files maintained by JMA1039

are up to 1930.1040

The number of data-available lighthouses was 26 in January 1877 and1041

then increased to 37 in 1882. The number of daily observations of pressure1042

and temperature was two (9:00 and 21:00) per day until 1881, increasing to1043

eight times (0:00, 3:00, 6:00, 9:00, 12:00, 15:00, 18:00, and 21:00) per day1044

from 1882. The barometer readings were recorded in English inches. The1045

local time was GMT + 9:00.1046

c. Edo (1838–1855)1047

Observations during the Edo era (1600–1868), whose capital was located1048

in Tokyo, Japan, were made by the Tokugawa government bureau of As-1049

tronomy for Calendar Making of Edo. On April 1, 1842, this bureau was1050

located 35.7°N, 139°E, and 20.0 m above mean sea level (MSL). After a fire1051
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on April 2, 1842 (Amano 1953), the bureau was reestablished on June 1,1052

1842 at 35.69°N, 139.75°E, 6.5 m above MSL, which is approximately 2 km1053

south-southeast of the first location. The original handwritten lists of ob-1054

servations, stored at the National Astronomical Observatory in Japan, are1055

not accessible, but contemporary handwritten copies of these lists are avail-1056

able from the National Archives of Japan (REIKEN-KOUBO, 1838–1855;1057

handwritten documents available from the National Archives of Japan, 3-21058

Kitanomaru Koen, Chiyoda-ku, 102-0091 Tokyo, Japan).1059

Meteorological observations of temperature (°F), pressure (English inch),1060

and weather were made from December 17, 1838, to February 16, 1855.1061

A blank period was due to the fire after April 1, 1842. Observations of1062

atmospheric pressure were resumed on December 30, 1844. This suggests1063

that meteorological instruments were severely damaged. No documentation1064

of the meteorological instruments or their locations within the observatory1065

was preserved (Zaiki et al. 2006).1066

Additionally, the original atmospheric pressure data from May 1845 to1067

September 1848 are highly uncertain, and clearly show anomalous variations1068

(Zaiki et al. 2006). Therefore, the pressure data for this period have not1069

been used in this reanalysis.1070
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d. Dejima (1848–1858)1071

Dejima (32.7°N, 129.9°E, 8m above MSL) was an artificial island in1072

Nagasaki, where the Dutch were the only Westerners allowed to maintain a1073

trading factory on the Japanese mainland during the 17th–19th centuries.1074

The earliest systematic meteorological observation on Dejima was made by1075

J. C. Blomhoff, who was the director of the Dutch Trading Post in Nagasaki1076

in 1819. Philipp Franz von Siebold took over from the Blomhoff in 1825.1077

Since then, the Dutch established a meteorological network in their colonies,1078

and, fortunately, the Dutch were allowed to continue their activities after1079

the country’s opening in 1854.1080

The records used in this analysis were collected by O. G. J. Mohnicke1081

(1845–1851) and Mohnicke’s assistants J. A. G. A. L. Bassle (1845–1848)1082

and F. C. Lucas (1848–1852). Mohnicke also participated in meteorological1083

observations in the Dutch East Indies (present-day Indonesia). Later, J. K.1084

van den Broek (1854–1857), J. L. C. Pompe van Meerdervoort (1857–1862)1085

and others took over the observations.1086

The data from October 1848 to July 1856 and November 1857 to Decem-1087

ber 1858 were published in the Royal Netherlands Meteorological Institute1088

(KNMI) Yearbook (1855, 1856, available from the KNMI Library, P.O. Box1089

201, 3730 AE De Bilt, Netherlands), and Pompe (1866a,b). The observation1090

elements were temperature, pressure, humidity, precipitation, wind speed,1091
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wind direction, and cloud cover. The observation times were 6:00, 9:00,1092

15:30, and 22:00 local time (for barometric pressure and cloud cover only).1093

A thermometer was placed outside the north wall of the second floor of the1094

factory chief’s house. It was placed 1 m from the wall and 8 m above mean1095

sea level. The barometer was 8 m above mean sea level and was located1096

in the room of the house, while the thermometer was placed outside. The1097

atmospheric pressure was measured in millimeters with a mercury siphon1098

barometer (Können et al. 2003).1099

e. Nagasaki Hospital (1871–1877)1100

The Nagasaki Dutch Hospital (37 m above MSL) was established on1101

September 20, 1861 by physician Pompe van Meerdervoort on a hill ap-1102

proximately 500 m southeast of Dejima (now Nita-Sako Elementary School).1103

After Pompe left Japan in November 1862, observations were resumed by1104

pharmacist A. J. C. Geerts in November 1871, and then taken over by physi-1105

cian W. K. M. van Leeuwen van Duivenbode in November 1874 (Können1106

et al. 2003).1107

Daily observation records from November 1871 to December 1877 were1108

reported in the KNMI Yearbook (1875, 1876, 1877). The observation sched-1109

ules were 07:00, 12:00, and 18:00 local time until October 1874 and 07:00,1110

12:00, and 19:00 local time thereafter. Atmospheric pressures were mea-1111
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sured in millimeters, but no information about the instruments was avail-1112

able.1113

f. Yokohama (1864–1865)1114

The record for December 1864–November 1865, located at 35.45°N,1115

139.67°E, 3 m above MSL, was collected by P. Mourier, a French Navy doc-1116

tor working at the Yokohama Ironworks. His published records (Mourier1117

1866) contain pressure in millimeters and temperature readings (maximum1118

and minimum temperatures) for 7:00, 10:00, 16:00, and 22:00 local time,1119

where Yokohama local time is 9:20 ahead of UTC, and humidity and pre-1120

cipitation were also recorded. It was reported that the instruments were1121

calibrated in Paris in May 1864, and the observations were carefully col-1122

lected at a place north of the house in the yard, 2.0 m above the ground,1123

and shaded by double umbrellas (Zaiki et al. 2006).1124

g. Philippine Stations (1891–1944)1125

Historical station data were collected in the Philippines between 18911126

and 1944. There were 40 stations from 1891 to 1941 and 17 from 1942 to1127

1944. Observations were recorded in the Boletin mensual del Observatorio1128

Meteorológico de Manila published by the Manila Observatory from 1891 to1129

1901 (Akasaka 2014), the Monthly Bulletin of the Philippine Weather Bu-1130

reau published by the Manila Central Observatory from 1901 to 1940 (Kub-1131
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ota and Chan 2009), the Monthly Meteorological Investigation in South1132

Seas published by the CMO from 1940 to 1941, and the Monthly Bulletin1133

of Philippine Weather Reports published by the 22nd meteorological field1134

members of the Japanese Army from 1942 to 1944 (Kobayashi and Ya-1135

mamoto 2013). Surface pressure data were recorded from 1 to 24 hours1136

depending on the stations and adjusted to sea level pressure from 1891 to1137

1941, while station pressure data were recorded from 1942 to 1944.1138

h. Western North Pacific Typhoons (1892–1944)1139

Tropical cyclone tracks and intensities were recorded in Eighty years of1140

typhoon tracks published by the Central Weather Bureau of Taiwan from1141

1892 to 1939 (Hsu et al. 1973), Geophysical Review published by the CMO1142

from 1901 to 1939, and Trajectories of Tropical Cyclones (Wadachi 1952)1143

from 1940 to 1944.1144

B. SST Perturbations1145

A COBE-SST2 perturbation has been introduced for use in various stud-1146

ies with climate models. As described below, there are several favorable1147

characteristics in the perturbations: 1) each set of perturbed SSTs is ran-1148

domly constructed, but the values are continuous in space and time; 2) the1149

perturbed SSTs include uncertainties originating due to ocean eddies; 3)1150
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any number of perturbation members can be constructed; and 4) the sea1151

ice concentration is also perturbed consistently with the SST perturbations.1152

In addition, the magnitudes of the SST perturbations are comparable to1153

the analysis errors estimated based on objective analysis theory. Hirahara1154

et al. (2014) demonstrated that the theoretically computed analysis errors1155

properly represent the uncertainties due to the spatiotemporal sampling1156

density.1157

In the construction of the SST perturbation, it is assumed that the per-1158

turbed components can be decomposed by empirical orthogonal functions1159

(EOFs), which are used to reconstruct the interannual components of the1160

monthly SSTs of COBE-SST2 (Hirahara et al. 2014) as1161

t(tk) = s(tk)Λ
1/2F, (B1)

where t(tk) is a vector containing the global SSTs for the month tk, s(tk)1162

is the normalized score, Λ is a diagonal matrix containing the eigenvalues,1163

and F is a matrix of the eigenvectors. COBE-SST2 was obtained by us-1164

ing a variational minimization method, and the analysis errors, Pa, were1165

simultaneously obtained by1166

Pa = F(Λ−1 + FtHtR−1HF)−1Ft, (B2)

where H is a bilinear interpolation operator from the grid point to an ob-1167

servation location, and R is a diagonal matrix of the observation error1168
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variances (Hirahara et al. 2014). A convenient mathematical characteristic1169

of EOF is that EOFs are mutually independent vectors, and the degrees of1170

freedom of the EOFs are generally much smaller than the number of spatial1171

grid points. The leading 133 leading EOF modes were used in COBE-SST2,1172

and, the diagonal components of Pa, that is, analysis errors, were stored in1173

the archive.1174

An official COBE-SST2 is defined on a monthly 1° × 1° grid without1175

the use of satellite observations; therefore, SST variations originating due1176

to oceanic mesoscale eddies are introduced into the perturbation. The eddy1177

component was also constructed continuously in space and time. The mag-1178

nitudes of the eddy term are equivalent to the sigma of the differences1179

between COBE-SST2 and NCEP OISST version 2 with in situ and satellite1180

observations (Reynolds et al. 2002), averaged monthly from 1982 to 2008.1181

The SST perturbation was added to the monthly SST analysis defined on1182

a grid.1183

The SST perturbation δi(tk) of member i = (1, 2, · · · , N) for month tk1184

is defined by the following equation:1185

δi(tk) = bi(tk)Γ
1/2GF+ ei(tk), (B3)

where bi is a time-varying normalized score vector, and the Γ andG are ma-1186

trices containing the eigenvalues and eigenvectors of (A−1+FtHtR−1HF)−1
1187

in Eq. (B2), and e is the eddy component. Note that Γ is diagonal. The1188
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first term on the right side of Eq. (B3) indicates that the perturbation can1189

be computed in proportion to the analysis errors. When mutually indepen-1190

dent bi and ej are given, N perturbations can be obtained. Finally, the i-th1191

perturbed SST is obtained by adding δi(tk) to COBE-SST2.1192

Matrix (A−1 + FtHtR−1HF)−1 was computed from SST observations1193

in each calendar month, and this term is a core part of the COBE-SST21194

analysis errors. In the case of d4PDF, where spatially fixed and temporally1195

invariant analysis errors were used, the matrix was constructed using virtual1196

observations uniformly distributed in space (Ishii and Mori 2020).1197

The time series of the score vector bi is given by a m-th order autore-1198

gressive model:1199

bi(tk) =
m∑
j=1

cijb
i(tk−j) + ϵi(tk). (B4)

where cij is the j-th weight for mode i, and ϵi is a Gaussian noise vector.1200

For spatiotemporal continuity of the perturbations, ci1 should be close to1201

1. Assuming that SST uncertainties are related to natural variability and1202

seasonality, a set of cj was determined from past SST changes. In this study,1203

the maximum of j is set to 12, but cij = 0 for i > 8 and j > 1, considering1204

the computational stability of the AR models and the estimation of cij using1205

the least squares method. The independence of the perturbations depends1206

on the randomness of ϵi.1207

The uncertainty from transient SST changes such as mesoscale eddies,1208
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ei(tk), in Eq. (B3) is modeled using a different first-order autoregressive1209

model as follows:1210

ei(tk) = σe{αηi(tk) + (1− α)ηi(tk−1)}, (B5)

where the vector σe is the standard deviation of the difference between1211

COBE-SST2 and OISST, and ηi
ik is the spatially smoothed Gaussian noise1212

with a horizontal scale of 450 km (Ebuchi and Hanawa 2000). The temporal1213

continuity of e was ensured by α = 0.8, which is a typical 1-month lag1214

correlation of the SST differences. The westward migration of the eddy was1215

not considered in Eq. (B5).1216

Sea ice concentration (SIC) perturbations were computed consistently1217

with SST perturbations. The ICE-SST relationship given by statistically1218

defined quadratic equations in COBE-SST2 (Hirahara et al. 2014) was used.1219 Fig. 17

Examples of SST and SIC perturbations are shown in Fig. B1. In 1935,1220

the observations were insufficiently sampled in contrast to recent decades.1221

As a result, the perturbations are quite large, and those for SST are spatially1222

between ±1 K and between ±0.2 for SIC. The spatial continuities of the1223

perturbations are confirmed in the figure. Moreover, positive and negative1224

perturbations extend to a few hundred or thousands of kilometers in space,1225

and perturbed Niño3 SSTs (5°S – 5°N, 150°W – 90°W) often persist for a1226

season or more in each member.1227
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Thus far, several applications have demostrated the effectiveness of the1228

SST and SIC perturbations. One experiment aimed to reproduce the 20101229

Russian heat wave (Dole et al. 2011) by MRI-AGCM3.2 simulations forced1230

by observed SSTs. The event is thought to result from natural variability1231

(Dole et al. 2011; Watanabe et al. 2013); therefore, AGCM simulations1232

can probabilistically reproduce the event. In the MRI-AGCM3.2 simula-1233

tion with the SST perturbations, some of the 10-member runs starting from1234

the same initial condition successfully reproduced the event, while all 10-1235

member simulations with different initial conditions instead of the SST per-1236

turbations failed. Another experiment in which 100-member ensemble sim-1237

ulations with the perturbations were performed with the MIROC5 AGCM1238

(Watanabe et al. 2010), yielded more unbiased distributions of atmospheric1239

states than those starting the model integration with different initial condi-1240

tions. From these experiments, it is inferred that AGCM simulations with1241

SST perturbations standardize the atmospheric response to observed SSTs.1242

Furthermore, SST-perturbation ensemble climate simulations have been ap-1243

plied to a large ensemble and high-resolution climate simulation database,1244

known as d4PDF, which has been used for making policy decisions for fu-1245

ture climate change in many centers and institutes across Japan (Ishii and1246

Mori 2020).1247
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Sabater, J. Nicolas, C. Peubey, R. Radu, D. Schepers, and oth-1356

ers, 2020: The era5 global reanalysis. Quart. J. Roy. Meteor. Soc.,1357

146(730), 1999–2049.1358

Hirahara, S., M. Ishii, and Y. Fukuda, 2014: Centennial-scale sea surface1359

temperature analysis and its uncertainty. J. Climate, 32, 57–75.1360

Hsu, J. H., C. J. Yao, P. Y. Wang, F. S. Yang, J. L. Shin, and S. C. Hsu,1361

1973: Eighty years of typhoon tracks 1892-1977. Central Weather1362

Bureau, Taiwan.1363

Huang, B., V. F. Banzon, E. Freeman, J. Lawrimore, W. Liu, T. C. Pe-1364

terson, T. M. Smith, P. W. Thorne, S. D. Woodruff, and H.-M.1365

67

Page 71 of 106 For Peer Review



Zhang, 2015: Extended reconstructed sea surface temperature ver-1366

sion 4 (ERSST. v4). Part I: Upgrades and intercomparisons. J. Cli-1367

mate, 28(3), 911–930.1368

Huang, B., P. W. Thorne, T. M. Smith, W. Liu, J. Lawrimore, V. F. Banzon,1369

H.-M. Zhang, T. C. Peterson, and M. Menne, 2016: Further exploring1370

and quantifying uncertainties for extended reconstructed sea surface1371

temperature (ERSST) version 4 (v4). J. Climate, 29(9), 3119–3142.1372

Hunt, B., E. Kalnay, E. Kostelich, E. Ott, D. Patil, T. Sauer, I. Szunyogh,1373

J. Yorke, and A. Zimin, 2004: Four-dimensional ensemble Kalman1374

filtering. Tellus A: Dynamic Meteorology and Oceanography, 56(4),1375

273–277.1376

Hunt, B. R., E. J. Kostelich, and I. Szunyogh, 2007: Efficient data assimi-1377

lation for spatiotemporal chaos: A local ensemble transform Kalman1378

filter. Physica D, 230(1-2), 112–126.1379

Ishii, M., Y. Fukuda, S. Hirahara, S. Yasui, T. Suzuki, and K. Sato, 2017:1380

Accuracy of global upper ocean heat content estimation expected1381

from present observational data sets. SOLA, 13, 163–167.1382

Ishii, M., and N. Mori, 2020: d4PDF: large-ensemble and high-resolution1383

climate simulations for global warming risk assessment. Prog. Earth1384

Planet Sci., 7, 58.1385

68

Page 72 of 106For Peer Review



Ishii, M., A. Shouji, S. Sugimoto, and T. Matsumoto, 2005: Objective anal-1386

yses of sea-surface temperature and marine meteorological variables1387

for the 20th century using ICOADS and the Kobe Collection. Int.1388

J. Climatol., 25, 865–879.1389

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin,1390

M. Iredell, S. Saha, G. White, J. Woollen, and others, 1996: The1391

NCEP/NCAR 40-year reanalysis project. Bull. Amer. Meteor. Soc.,1392

77(3), 437–472.1393

Kennedy, J. J., N. A. Rayner, R. O. Smith, D. E. Parker, , and M. Saunby,1394

2011: Reassessing biases and other uncertainties in sea-surface tem-1395

perature observations measured in situ since 1850, part 1: mea-1396

surement and sampling uncertainties. J. Geophys. Res. Oceans,1397

116(D14103).1398

Kleeman, R., J. P. McCreary Jr, and B. A. Klinger, 1999: A mechanism for1399

generating ENSO decadal variability. Geophys. Res. Lett., 26(12),1400

1743–1746.1401

Knapp, K. R., H. J. Diamond, J. P. Kossin, M. C. Kruk, and C. J. Schreck,1402

2018: International Best Track Archive for Climate Stewardship (IB-1403

TrACS) Project, Version 4. [CSV subset] . Accessed 9 May 2021.1404

69

Page 73 of 106 For Peer Review



Kobayashi, S., Y. Ota, Y. Harada, A. Ebita, M. Moriya, H. Onoda,1405

K. Onogi, H. Kamahori, C. Kobayashi, H. Endo, and others, 2015:1406

The JRA-55 Reanalysis: General Specifications and Basic Charac-1407

teristics. J. Meteor. Soc. Japan, 93, 5–48.1408

Kobayashi, S., and H. Yamamoto, 2013: Wartime meteorological observa-1409

tions of the Japanese military in East Asia and the collection of its1410

neglected data. Hist. Geogr., 267, 82–98. (in Japanese).1411
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Fig. 1. Time series 1850 – 2015 of the monthly number of surface pressure
observations over the globe (land and oceans; thick black) and over
land (thin black), monthly global spatial data coverage (%; shades),
and monthly SST analysis errors (K; blue). Data coverage is separately
shown for the global land (orange) and oceans (light blue), and values
at the upper side of the blue area indicate the total coverage. Coverage
was estimated from the data distributions on a global 5° × 5° grid.
Scales for each element are shown by colored vertical axes.
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Fig. 2. Percentage increase in the monthly number of records of the Ps
observations obtained through domestic data rescue in Japan, relative
to the ISPD version 4.7.
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a) 

c) b) 

Fig. 3. a) Time series of sub-daily surface pressure anomalies (hPa; gray)
relative to JRA-55 and identified biases (hPa; red) at a station located
at (42.50°N, 89.03°W). The biases are defined as long-term mean de-
viations from the monthly JRA-55 climatology whose base period is
1961–2005. b) Histogram of the maximum bias correction amounts,
that is, bias multiplied by -1, of the land surface observations for all
and 1850–1949 periods, and c) those for ship observations. In b) and
c), the bin width is 3 hPa. One maximum bias value per station and
ship was counted.
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Fig. 4. a) Time series of the monthly SLP anomaly correlation coefficient
(ACC) of COBE-SLP2 (black), HadSLP2 (orange), and JRA-55 (light
blue) over the Northern Hemisphere, compared with ERA5. Three
month running averaging is applied to the time series. b) Same as (a)
but for the Southern Hemisphere.
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Fig. 5. Linear trends (hPa/100yrs; left; 1850–2005) and time series of
61-month running mean global (black) and hemispheric (NH: water
blue, SH: orange) averages (hPa; right) of the SLP statistical analysis,
COBE-SLP2, with (top) and without (bottom) the Ps bias correction.
The legend in the right panels shows the root mean squares of each
time series.
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a) b) 

Fig. 6. Anomaly correlation coefficients of monthly surface pressure (Ps)
between OCADA and ERA5 during a) 1959-1978 and b) 1979-2015.
Hatched areas stand for “confidence” values less than 0.35, calculated
according to Slivinski et al. (2021).
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a) 

b) 

c) 

d) 

e) 

f) 

Fig. 7. Time series of monthly mean temperature (left) and precipitation
(right) of OCADA (black) averaged over the globe (a, d), Europe (30°W
– 60°E, 35°N – 70°N; b, e), and East Asia (130°E – 150°E, 25°N – 45°N; c,
f). Station observations (red) of temperature (CRUTEM5) and precip-
itation (GPCC) are superimposed in left and right panels, respectively.
Only land data are used for averaging. CRUTEM5 contains missing
grids, and hence SATs collocated between CRUTEM5 and OCADA
were compared. GPCC is available since 1891. Two-sigma spreads of
the reanalysis are shown by gray shading. Temperature and precipita-
tion anomalies are defined as deviations from the 1961–1990 averages.
Thirteen-month running averaging is applied to all time series. CC in
each panel denotes the correlation coefficient between the two curves.
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Fig. 8. Sample of TC Tokage in OCADA at 06UTC on October 20, 2004
(left), compared with that of JRA-55 (right). Contours indicate sea
level pressure (hPa), and the interval is 5 hPa. Shading in the left
panel indicates spreads (hPa) of the LETKF ensemble members. Wind
vectors (ms−1) at the 950 hPa isobar surface are shown. There is a small
difference in the horizontal resolution between the two reanalyses: 1°
× 1° in OCADA and 1.25° × 1.25° in the JRA-55.
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Fig. 9. Histograms of differences in a) TC positions (geodetic degree), b) TC
central pressures (hPa), and c) maximum 10-m wind speed differences
(ms−1) between reanalyses and observations, d) central pressures, and
e) 10 wind speeds. Black line shows OCADA defined on the 1° × 1° grid,
and the gray lines indicate the other reanalyses of different resolution:
JRA-55 with 1.25° × 1.25° horizontal resolution, ERA5 with 0.25° ×
0.25°, and 20CR with 1° × 1°. Blue bars in d) and e) denote IBTrACS.
Bin sizes for position, pressure, and wind errors are 1 °, 5 hPs, and
5 ms−1, respectively. The statistics were based on 6-hourly TC data
from 1979 to 2015 in the global region.
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Fig. 10. Anomaly correlation coefficients of OCADA (a, d), 20CR (b, e),
and JRA-55 (c, f) against HadAT at 200 hPa (upper) and 500 hPa
(lower) isobar surfaces. The statistical period is 1958 – 2012. The
reference period is 1966–1995, the same as for HadAT.
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a) b) c) 

d) e) f) 

Fig. 11. RMSDs of monthly zonal mean upper air temperatures (K; a, b,
c) and zonal winds (ms−1; d, e, f) of d4PDF (a, d), OCADA (b, e),
and 20CR (c, f) compared with ERA5. Contours shown in each panel
denote the respective climatology. The averaging period is from 1979
to 2015. In the case of d4PDF, the vertical resolution near the surface
is coarser than the others.
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Fig. 12. Time series of annual-mean (black) and 6-hourly (gray) RMSDs of
geopotential heights at 500 hPa averaged in a) 20°N – 80°N and in b)
80°S –20°S between OCADA and JRA-55. Red line indicates annual-
mean spreads of the 80 ensemble members. Annual mean RMSDs for
20CR are also shown by blue lines.
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Fig. 13. Comparison between root-mean-square differences (RMSDs) and
ensemble spreads for a) 6-hourly geopotential height profiles (GPH;
m), b) 6-hourly surface pressures (Ps; hPa) averaged over the Northern
Hemisphere (0° – 90°N) as a function of time, c) same as (b) but for
low latitudes (30°S – 30°N), and d) same as b) but for the Southern
Hemisphere (90°S – 0°). The time series are drawn with RMSDs and
spreads defined every 20 years from 1865 to 1965. Shading in (a) and
red line in (b, c, d) indicate RMSDs, and gray contour in (a) and gray
line in (b, c, d) denote the ensemble spreads.
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Fig. 14. Relative changes in RMSDs (shade) of a) geopotential height at
500 hPa and b) SLP in March 1925 between the pseudo-reanalyses
with and without the additional observations in East and South-East
Asia. Values less than one means the RMSDs are reduced due to the
additional SLP observations. Red dots represent the positions of the
additional observations. Hatched areas indicate that RMSD changes
due to the additional observations are greater than one sigma of 6-
hourly deviations from the 5-day running averages of OCADA in March
2001. The monthly averages in March 2001 are shown by gray contours.
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Fig. 15. A heavy precipitation event at Hikone (35°N, 136°E) on Septem-
ber 7, 1896. Shading denotes precipitation amount (mm/day). Con-
tour indicates the daily mean SLP, and the interval is 5 hPa. Black
square means positions of Ps observations available during the day. All
POIMT observations at eight time steps during the day are plotted
around the TC center.
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Fig. 16. Daily precipitation amounts (mm/day) of a) OCADA, b) the down-
scaling experiment, and c) KUNAI observations on September 20, 1934.
Mark TC indicates the position of Typhoon Muroto at 12UTC of the
day. In (c), KUNAI observations were averaged in daily 0.2° × 0.2°
boxes, and blank areas (white) denote no data. Differences between
(a) and (b) and between (b) and (c) are shown in d) and e), respec-
tively. The precipitation amount is that accumulated during 24 hours
from 00JST of the day.
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Fig. B1. Sample No. 8 of a) SST perturbation (K) and b) time series of
perturbed (black) and unperturbed (blue) Niño3 SST anomalies (K) from

eight members of the SST perturbation.
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List of Tables1707

1 Ps and TC observations added to ISPD and IBTrACS, re-1708

spectively. Column “Stn.s” contains the number of stations1709

and individual TCs. . . . . . . . . . . . . . . . . . . . . . . . 1021710

2 Averages and standard deviations (SD) of the position (deg.),1711

central pressure (hPa), and maximum 10-m wind(ms−1) er-1712

rors shown in Fig. 9a, b, and c, respectively. The columns of1713

“severe” show the number of assimilated severe TCs relative1714

to that of the observations (%). The thresholds for severity1715

are 982.5 hPa and 27.5 ms−1 for central pressure and maxi-1716
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Table 2. Averages and standard deviations (SD) of the position (deg.),
central pressure (hPa), and maximum 10-m wind(ms−1) errors shown
in Fig. 9a, b, and c, respectively. The columns of “severe” show the
number of assimilated severe TCs relative to that of the observations
(%). The thresholds for severity are 982.5 hPa and 27.5 ms−1 for central
pressure and maximum 10-m wind, respectively.

Position Central Pressure Max 10-m Wind
Reanalysis SD mean SD severe mean SD severe
OCADA 1.8 0.9 9.8 85 -0.5 8.6 81
JRA-55 1.6 2.3 14.9 15 -1.7 9.8 18
ERA5 1.8 1.8 13.6 38 -1.3 9.5 28
20CR 2.4 1.6 10.0 50 -1.6 7.9 36
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