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Abstract

Old descriptive diaries are important sources of daily weather conditions before modern instrumental measurements became

available. A previous study demonstrated the potential of reconstructing historical weather at high temporal resolution by

assimilating cloud cover converted from descriptive diaries. However, cloud cover often exhibits a non-Gaussian distribution,

which violates a basic assumption of most data assimilation schemes. In this study, we applied a Gaussian transformation (GT)

approach for cloud cover data assimilation and conducted observing system simulation experiments (OSSEs) using 15 randomly

selected observation points over Japan. We performed experiments to assimilate cloud cover with large observational errors

using the Global Spectral Model (GSM) and a local ensemble transform Kalman filter (LETKF). Without GT, temperature and

zonal and meridional wind exhibited deterioration compared to the experiment assimilating no observations. By contrast, the

2-month root mean square error (RMSE) of zonal wind, meridional wind, temperature, and specific humidity at mid-troposphere

were improved by 8.7%, 5.1%, 4.2%, and 1.4%, respectively, through GT. Among two-dimensional variables, the 2-month RMSE

of total cloud cover, surface pressure, rainfall, and downward solar radiation were improved by 2.2%, 5.2%, 27.6%, and 4.3%,

respectively. We further demonstrated that the effect of GT was more pronounced on clear days. Our results show the potential

of GT in high-resolution historical weather reconstruction using old descriptive diaries.
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Key Points: 13 

 This is the first study to assimilate cloud cover using Gaussian transformation for 14 
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 Assimilating Gaussian-transformed cloud cover improved cloud cover and other 16 

atmospheric variables by improving error covariance structure 17 

 Gaussian transformation effects were more pronounced on clear days 18 
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Abstract 20 

Old descriptive diaries are important sources of daily weather conditions before modern 21 

instrumental measurements became available. A previous study demonstrated the potential of 22 

reconstructing historical weather at high temporal resolution by assimilating cloud cover 23 

converted from descriptive diaries. However, cloud cover often exhibits a non-Gaussian 24 

distribution, which violates a basic assumption of most data assimilation schemes. In this 25 

study, we applied a Gaussian transformation (GT) approach for cloud cover data assimilation 26 

and conducted observing system simulation experiments (OSSEs) using 15 randomly selected 27 

observation points over Japan. We performed experiments to assimilate cloud cover with 28 

large observational errors using the Global Spectral Model (GSM) and a local ensemble 29 

transform Kalman filter (LETKF). Without GT, temperature and zonal and meridional wind 30 

exhibited deterioration compared to the experiment assimilating no observations. By contrast, 31 

the 2-month root mean square error (RMSE) of zonal wind, meridional wind, temperature, 32 

and specific humidity at mid-troposphere were improved by 8.7%, 5.1%, 4.2%, and 1.4%, 33 

respectively, through GT. Among two-dimensional variables, the 2-month RMSE of total 34 

cloud cover, surface pressure, rainfall, and downward solar radiation were improved by 2.2%, 35 

5.2%, 27.6%, and 4.3%, respectively. We further demonstrated that the effect of GT was 36 

more pronounced on clear days. Our results show the potential of GT in high-resolution 37 

historical weather reconstruction using old descriptive diaries. 38 

 39 

Plain Language Summary 40 

Climate change greatly affects human society. Learning about past climate helps to predict 41 

future changes more accurately. Old diaries provide valuable information about historical 42 

weather before modern instrumental measurements became available. Weather information 43 

from diaries can be used to reconstruct historical weather by incorporating model 44 

simulations. Taking cloud cover as an example, a previous study demonstrated the potential 45 

of reconstructing historical weather by diary-based information. However, cloud cover is 46 

usually not normally distributed because the probability of no cloud (e.g., sunny days) or 47 

frequent clouds (e.g., rainy days) is higher than that of some clouds in practical experience. 48 

This violates the normal distribution assumption and indicates some room for improvement. 49 

Our results showed that transforming cloud cover distribution into a normal distribution could 50 
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improve all atmospheric variables in the model (e.g., wind speed and temperature). In 51 

particular, precipitation could be improved by 27%. We demonstrated the critical role of the 52 

transformation in a non-normally distributed variable when combining with models and 53 

showed the potential of diary-based weather information for actual weather reconstruction. 54 

 55 

1 Introduction 56 

Studying historical climate is crucial for understanding Earth systems because it 57 

provides a reference for predicting future climate change. However, only a few 58 

meteorological observations date back to the early 19th century, and these reflect weather 59 

conditions at only a local scale (McElwain & Sweeney, 2007; Pfister et al., 2019). Therefore, 60 

it is important to reconstruct global-scale climate information recorded before modern 61 

instrumental records became available.  62 

Natural proxies provide essential information for reconstructing historical climate 63 

variability. For example, speleothems (Proctor et al., 2000), tree rings (Shao et al., 2005), and 64 

lake sediment records (Chu et al., 2012) can record climate change information at time scales 65 

of 1–10 years. Many studies have reconstructed temperature and precipitation for the past few 66 

hundred or even thousands of years at seasonal and annual resolution based on natural proxy 67 

data (Chen et al., 2015; McDermott, 2004; Striberger et al., 2011; Thomas & Briner, 2009; 68 

Zhu et al., 2008). Although proxy records are beneficial for studying decadal and centennial 69 

climate variability, their temporal scales are not suited to elucidating short-term and local 70 

variability (Pfister et al., 2018), which motivates the reconstruction of daily scale global 71 

weather information.  72 

Daily weather data are useful for the accurate characterization of meteorological 73 

indices (e.g., drought index) compared to monthly or annual climate data, which can be 74 

applied to assess climate impacts (Pfister et al., 2020). Old descriptive weather records (e.g., 75 

diaries) hold significant potential for daily reconstruction because they precisely record the 76 

locations and dates of weather events. Such descriptive historical weather records have been 77 

discovered worldwide. Much documentary evidence is available for Asia, Europe, and North 78 

America, including China, India, Czech Republic, and Mexico (e.g., Brázdil et al., 2019; 79 

Domínguez-Castro et al., 2019; Mikami, 2008; Mock, 1991; Walsh et al., 1999; Zhang et al., 80 
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2013). In Japan, the Historical Weather Database (HWDB) stores historical weather diaries, 81 

where more than 18 daily observation records are available from the 1750s to 1870s 82 

(Yoshimura, 2007). These diaries can be used to reconstruct past climate at high temporal 83 

resolution (e.g., Nash et al., 2020). 84 

Data assimilation is widely used to reconstruct historical climate because it optimally 85 

combines meteorological information with the dynamical constraints of a climate model 86 

(Steiger et al., 2014). Previous studies have reconstructed annual temperature or precipitation 87 

data from proxy records for hundreds to thousands of years using “offline” data assimilation 88 

approaches (e.g., Brönnimann et al., 2013; Franke et al., 2011; Hakim et al., 2016). However, 89 

as mentioned above, proxy-based reconstruction is limited by low temporal resolution, which 90 

is often seasonal at best. By contrast, the Twentieth Century Reanalysis (20CR) project, uses 91 

an ensemble Kalman filter data assimilation method to provide a global atmospheric 92 

circulation dataset at 6-hourly temporal resolution (Compo et al., 2011; Slivinski et al., 2019) 93 

and covers the period from 1836 to the present. However, the spatial coverage of assimilated 94 

surface pressure observations is limited before the 19th century, such that the lack of 95 

recovered diaries from many parts of the world imposes additional constraints. 96 

Historical weather reconstruction (as opposed to historical climate reconstruction) 97 

using old diaries becomes possible if the descriptive weather information can be incorporated 98 

into numerical weather models. Toride et al. (2017) proposed converting descriptive Japanese 99 

weather records into daily total cloud cover data and investigated the feasibility of 100 

reconstructing historical weather using cloud cover assimilation; they showed remarkable 101 

improvements in various atmospheric variables by assimilating loosely classified cloud 102 

information in idealized experiments with reanalyses, but limitations were reported in ground 103 

observation data experiments, demonstrating the challenges of cloud cover assimilation. One 104 

possible cause of this issue is that cloud cover often exhibits highly non-Gaussian distribution 105 

characteristics, severely violating the basic assumption of normal error statistics in most data 106 

assimilation schemes (e.g., Bocquet et al., 2010; Tsuyuki & Miyoshi, 2007; Zhang et al., 107 

2013). 108 

Previous studies have investigated non-Gaussian issues in precipitation assimilation. 109 

Lien et al. (2013) transformed precipitation values into a Gaussian distribution based on an 110 

empirical cumulative distribution function and indicated that Gaussian transformation (GT) 111 
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was beneficial for precipitation assimilation, particularly when observation errors were large. 112 

Kotsuki et al. (2017) proposed an inverse GT method and demonstrated the usefulness of GT 113 

using mock Global Satellite Mapping of Precipitation (GSMaP) data.  114 

In this study, we aimed to improve diary-based historical weather reconstruction using 115 

a GT technique. We transformed original cloud cover data into an approximately normal 116 

distribution based on the assimilation of an empirical cumulative distribution function within 117 

a numerical weather system. To evaluate the performance of the GT, we conducted idealized 118 

experiments within an observing system simulation experiment (OSSE) framework assuming 119 

Japanese weather records similar to Toride et al. (2017) to determine whether GT would 120 

improve the impacts of cloud cover assimilation.  121 

 122 

2 Methods 123 

2.1 Global Spectral Model 124 

We used the Global Spectral Model (GSM), a numerical atmospheric model initially 125 

developed as a seasonal forecasting model by the National Centers for Environmental 126 

Prediction (NCEP) (Kanamitsu et al., 2002). In this model, variables are represented by a 127 

periodic function calculated as the sum of spectral harmonics. The spectral representation 128 

calculates the space derivatives strictly, and avoids pole problems and instability due to 129 

aliasing in the ideal case (Orszag et al., 1970). 130 

The main physics packages in GSM include short- and longwave radiation fluxes 131 

(Chou, 1992; Chou & Suarez, 1994), a relaxed Arakawa-Schubert cumulus convective 132 

scheme developed by Moorthi and Suarez (1992), non-local vertical diffusion developed by 133 

Hong and Pan (1998), mountain drag (Alpert et al., 1988), shallow convection (Tiedtke, 134 

1983), and the Noah land surface scheme of Ek et al. (2003). We adopted the T62 grid 135 

system (about 200 km horizontally) and 28 vertical sigma levels.  136 

2.2 Local ensemble transform Kalman filter (LETKF) 137 

We used the LETKF as the assimilation scheme following Toride et al. (2017). For 138 

data assimilation, Evensen (1994) developed the ensemble Kalman filter (EnKF), which uses 139 

ensembles to estimate the background error covariance. The analyses of EnKF is solved by 140 
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the following equations from the original Kalman Filter (Evensen, 2003):  141 

Xa = Xb + K(y − H(Xb))                                                    (1) 142 

K = BHT(R + HBHT)−1,                                                    (2) 143 

where Xa and Xb denote the analysis ensemble and the first guess ensemble (also known as 144 

the background ensemble). K represents the Kalman gain, H is the observation operator, y is 145 

the observation matrix, and R and B are the observation error covariance and background 146 

covariance matrix, respectively.  147 

Following the upgrade of EnKF, Bishop et al. (2001) found the transformation matrix 148 

in EnKF, known as the ensemble transform Kalman filter (ETKF), to efficiently compute the 149 

error covariance. Ott et al. (2004) introduced the local ensemble Kalman filter (LEKF), 150 

which assimilates observations within a local domain and allows efficient parallel 151 

implementation due to independent analyses at each grid point. As the locally applied ETKF, 152 

LETKF (Hunt et al., 2007) performs simultaneous computation at different grid points 153 

through parallel processing and efficiently reduces computational power compared to 154 

traditional EnKF. 155 

In this study, the state vector in LETKF (i.e., Xa and Xb) consists of eight atmospheric 156 

variables including four 3-dimensional variables at 28 vertical sigma levels (zonal wind, 157 

meridional wind, air temperature, and specific humidity) and four two-dimensional variables 158 

(total cloud cover, surface pressure, rainfall, and downward solar radiation). 159 

2.3 GT 160 

A Gaussian anamorphosis technique (e.g., Wackernagel, 2003) introduces a 161 

transformation algorithm to transform the original variable (y) to a target variable with 162 

Gaussian distribution (ytrans). In this study, we utilized this algorithm to satisfy the basic 163 

assumption of normal error statistics in LETKF. This transformation is performed through the 164 

equivalent relationship between two cumulative distribution functions (CDFs) of y and ytrans, 165 

as follows: 166 

𝑦𝑡𝑟𝑎𝑛𝑠 = 𝐺−1[𝐹(𝑦)],                                                              (3) 167 

where F(y) is the CDF of the original cloud cover. F(y) is distributed from 0 to 1 by 168 

definition, and is determined empirically from original samples, and ytrans represents the 169 
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transformed variable, which is expected to follow a standard Gaussian distribution with zero 170 

mean and unit standard deviation. G–1 is the inverse CDF of ytrans, such that: 171 

𝐺−1(𝑥) = √2erf −1(2𝑥 − 1),                                                    (4) 172 

where erf–1 is the inverse error function. 173 

We used the GSM simulation results to apply this transformation technique. Figure 1 174 

shows the GT procedure for total cloud cover at a model grid point in summer based on 3-175 

year GSM simulation results. The probability density function (PDF) and CDF of the original 176 

cloud cover, respectively, are shown in Figure 1a and b, respectively. The original cloud 177 

cover CDF was converted into the transformed cloud cover (Figure 1c) using the inverse 178 

CDF of a normally distributed variable (G–1). Figure 1d shows the PDF of the transformed 179 

cloud cover. Consequently, the original cloud cover, with a numerical range of 0–100, was 180 

converted into a rage of –2 to 2, with a distribution similar to the standard Gaussian 181 

distribution. The conversion of both the observation and model background fields (i.e., Xb in 182 

Eq. (1)) in LETKF follows this one-to-one relationship between the original and transformed 183 

values. When conducting GT in the model background field, CDF is calculated grid by grid 184 

throughout the observation grid points. At other grid points, the transformed values of a 185 

single, specific grid point of Japan are applied globally. 186 
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 187 

Figure 1. The probability density function (PDF) and cumulative distribution function (CDF) 188 

of original cloud cover (a, b) and transformed cloud cover (c, d) at a Global Spectral Model 189 

(GSM) grid point including Tokyo during summer (June–August) based on 3-year (2015–2017) 190 

GSM simulation results. Gaussian transformation (GT) proceeds from (a) to (b), (c), and (d) as 191 

indicated by arrows. 192 

 193 

2.4 Experimental design 194 

2.4.1 OSSEs and observation locations 195 

We conducted OSSEs to confirm the feasibility of GT. Compared to the actual 196 

experiment, the atmospheric conditions for one OSSE represent a known state simulated by 197 

GSM with a 6 h time interval. This known atmospheric state is assumed to represent nature 198 

and is used as a reference to evaluate the assimilation analysis results. The “nature” run 199 

started from January 1, 2015, with a 1-year spin-up. Cloud cover observations were generated 200 
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in the nature run by adding random normally distributed observational errors. We use 201 

relatively large observational errors (i.e., standard deviations of 30% and 1 before and after 202 

GT, respectively) considering diary-based reconstruction. We performed a control experiment 203 

with no observations assimilated (NoDA) and two experimental runs assimilating cloud cover 204 

with GT and without GT (NoGT) for the 2-month period from July 1 to August 31, 2017. The 205 

initial conditions of the experiments were obtained from the nature run from July 1, 2016, 206 

with a 24 h time interval. As a preliminary step toward weather reconstruction based on 207 

historical diaries, we selected the vicinity surrounding Japan as the study area. Because diary 208 

data collection is ongoing, we randomly selected 15 grid points in Japan and the surrounding 209 

area to assimilate cloud cover, including land and marine areas covering 25°–50°N and 125°–210 

150°E (Figure 2). 211 

 212 

Figure 2. Distribution of observation grid points in observing system simulation experiments 213 

(OSSEs). Red boxes indicate computational grid cells with T62 (192 × 94 longitude/latitude) 214 

resolution used in the GSM. Blue box indicates a single grid point on Honshu Island, Japan; its 215 

results are shown in Figures 6 and S3. 216 
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 217 

2.4.2 Evaluation factor 218 

Assimilation results were evaluated by comparing the 2-month root mean square error 219 

(RMSE) of each experiment and the nature run. We used the RMSE reduction between each 220 

experimental run and the control run (NoDA) as the evaluation factor, indicating 221 

improvement in cloud cover assimilation. The RMSE reduction was calculated as follows: 222 

𝑅𝑀𝑆𝐸𝑁𝑜𝐷𝐴−𝑅𝑀𝑆𝐸𝑁𝑜𝐺𝑇 𝑜𝑟 𝐺𝑇

𝑅𝑀𝑆𝐸𝑁𝑜𝐷𝐴
× 100%,                                             (5) 223 

where positive values indicate RMSE improvement relative to NoDA and negative values 224 

suggest that assimilating cloud cover is inferior even to the control experiment, in which no 225 

variables were assimilated. 226 

2.4.3 LETKF ensemble size and covariance inflation method 227 

To balance accuracy and computational cost in assimilation experiments, we 228 

conducted pre-experiments using different ensemble member sizes of 20–90. We adopted an 229 

ensemble member size of 60 for subsequent experiments, as explained in detail in Text S1 230 

and Figure S1. 231 

The LETKF uses a covariance inflation technique to avoid ensemble spread reduction 232 

caused by spurious correlations. We explored different covariance inflation methods and 233 

adopted a relaxation-to-prior-spread (RTPS) scheme (α = 0.5) (Whitaker & Hamill, 2012) as 234 

the covariance inflation method, as explained in detail in Text S2 and Figure S2. 235 

 236 

3 Results  237 

3.1 GT improves cloud cover 238 

The horizontal distribution of the 2-month RMSE reduction for cloud cover and for 239 

NoDA in the NoGT and GT experiments are shown in Figure 3. Positive values indicate that 240 

cloud cover assimilation improved the cloud cover field, and negative values indicate 241 

deterioration compared to the control experiment, in which no observations were assimilated. 242 

Overall, the cloud cover field over Japan was improved by 2.2% after GT, with 7.24–9.40% 243 
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increases in regional averaged RMSE reduction. 244 

Cloud cover improved markedly near grid points, where cloud cover data were 245 

assimilated (Figure 2) in both NoGT and GT, similar to the idealized experiment results 246 

reported by Toride et al. (2017). This demonstrates the prime importance of spatial coverage 247 

in documental records. Large improvements (i.e., RMSE reduction > 10%) were more widely 248 

distributed in the GT experiment (Figure 3b), in areas such as the Japan Sea and the Pacific 249 

region near northern Japan, indicating that the transformation of both observation and model 250 

background covariance into Gaussian distribution brings assimilation results closer to real 251 

conditions by accommodating the Gaussian error statistical assumption in the ensemble 252 

Kalman filter. Because the whole error covariance structure was improved, the assimilation 253 

results also improved, even at grid points without observations, which similarly improved 254 

other variables. 255 

 256 

Figure 3. Horizontal distributions of 2-month root mean square error (RMSE) cloud cover 257 

reductions in experimental runs (a) without GT (NoGT) and (b) with GT relative to a control 258 

experiment with no observations assimilated (NoDA). All cloud cover values were Gaussian 259 

transformed for consistency. Percentages are regional averages. Positive values indicate 260 

improvement relative to NoDA. 261 
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 262 

3.2 Improvements in other atmospheric variables by cloud cover GT 263 

We investigated the effects of cloud cover assimilation on other atmospheric 264 

variables. The vertical distributions of 2-month RMSE reductions in various variables 265 

averaged over Japan are shown in Figure 4. In NoGT, temperature and zonal and meridional 266 

wind deteriorated at nearly all heights compared to the control experiment. Specific humidity 267 

was improved only within a height range of 200–700 hPa in NoGT. By contrast, GT 268 

improved the estimates of all four variables at all heights compared to NoGT. Nearly all 269 

variables showed positive RMSE reductions in the GT experiment, confirming that 270 

assimilation of the Gaussian-transformed cloud cover improved other variables compared to 271 

the control experiment. 272 
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 273 

Figure 4. Vertical distributions of 2-month RMSE reductions from NoDA. Blue and red lines 274 

indicate RMSE reductions by NoGT and GT, respectively. The results are regional averages 275 

of (a) zonal wind, (b) meridional wind, (c) temperature, and (d) specific humidity. Positive 276 

values indicate improvement relative to NoDA. 277 

 278 

Our subsequent analyses focused on the horizontal distribution of the assimilation 279 

impacts. Figure 5 shows the 2-month RMSE reduction for three-dimensional variables at 500 280 

hPa (Figure 5a–h) and surface pressure (Figure 5i,j). GT improved zonal wind, meridional 281 

wind, temperature, and specific humidity fields in the mid-troposphere over Japan by 8.7% 282 

(regional averaged RMSE reduction increased from –4.37% to 4.33%), 5.1% (–0.90% to 283 
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4.22%), 4.2% (–1.68% to 2.50%), and 1.4% (1.73% to 3.16%) compared to NoGT, 284 

respectively. It also improved surface pressure estimates by 5.2% (regional averaged RMSE 285 

reduction increased from –2.02% to 3.19%). 286 

RMSE reductions for zonal and meridional wind, temperature, and surface pressure 287 

were negative in more than half of the regions in the NoGT experiment (Figure 5a, c, e, and 288 

i), indicating that worse results were obtained with the assimilation of non-Gaussian 289 

distributed variables without correction than without assimilating any observations. GT 290 

solved this issue without modifying the EnKF equations. Simulated zonal wind improved 291 

considerably except in Kanto, Japan, and the nearby Pacific region (Figure 5b). The 292 

meridional wind GT results showed positive values in most areas (Figure 5d).  293 

Although GT led to deterioration in temperature and specific humidity at around 30°N 294 

(Figure 5f and h), it was superior to NoGT and NoDA in terms of regional RMSE reduction. 295 

Toride et al. (2017) showed that 2 m air temperature and specific humidity were improved 296 

over central Japan and the ocean to the southeast due to northwestern winds in winter. Our 297 

results showed the opposite distribution characteristics because our observational network 298 

was different and our assimilation period was summer, when low-pressure systems over the 299 

Japanese mainland result in southern winds. Thus, 500 hPa temperature and specific humidity 300 

were improved to a greater extent in northern Japan, downstream of the observation grid 301 

points. 302 

The effects of GT on improving the surface pressure field was mainly shown over the 303 

continental region of Japan (Figure 5j). Although cloud cover GT performance varied among 304 

different variables, they generally showed significant positive effects. This result was 305 

consistent with those reported in Section 3.1, in that the assimilation of Gaussian-transformed 306 

cloud cover improved our estimates of not only cloud cover but also other variables due to 307 

improved error covariance structure. 308 
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 309 

Figure 5. Horizontal distributions of 2-month RMSE reductions of (a, b) zonal wind, (c, d) 310 

meridional wind, (e, f) temperature, (g, h) specific humidity, and (i, j) surface pressure. (a–h) 311 

Results for 500 hPa. (a, c, e, g, i) and (b, d, f, h, j) are RMSE reductions from NoDA by 312 

NoGT and GT, respectively. Percentages are regional averages. Positive values indicate 313 

improvement relative to NoDA. 314 

 315 

The effects of GT were also evaluated at a single grid point on Honshu Island, Japan. 316 

The 2-month temporal variation in the nature run and the assimilation experiment results are 317 

shown in Figure 6, with transformed cloud cover values. At the grid point, NoDA results 318 

showed little variability over the 2-month period, whereas the variation amplitude increased 319 

after cloud cover was assimilated. In the nature run, cloud cover and the other atmospheric 320 
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variables were generally improved when the transformed cloud cover was <–1, such that the 321 

original cloud cover was near zero, as shown in Figure 1. For example, the zonal and 322 

meridional wind at 500 hPa during periods 1 and 2 (yellow shading, Fig. 6), and surface 323 

pressure during periods 2 and 4 of GT were closer to those of the nature run than to those of 324 

NoGT. In Figure S3, we show boxplots grouped by transformed cloud cover in the nature run 325 

as an example. The RMSE differences between NoGT and GT demonstrate that the GT effect 326 

was more pronounced when the transformed cloud cover was <–1. Because an original cloud 327 

cover value of zero corresponds to clear sky over the grid point, we further discuss the effects 328 

of GT on clear days in Section 4.2. 329 
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 330 

Figure 6. Time series of data assimilation results at a single grid point on Honshu Island, 331 

Japan (see Figure 2) for (a) transformed cloud cover, (b) surface pressure, (c) 500 hPa zonal 332 

wind, and (d) 500 hPa meridional wind. Black lines indicate results of the “nature” run. 333 

Green, blue, and red lines indicate simulation results for NoDA, NoGT, and GT, respectively. 334 

Yellow shading indicates > 30 h periods during which Gaussian-transformed cloud cover was 335 

continuously < –1. 336 

 337 
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4 Discussion 338 

4.1 Effects of GT on rainfall and downward solar radiation 339 

Here we discuss the results for rainfall and downward solar radiation (DSR), which 340 

exhibit significant non-Gaussianity (e.g., Lien et al., 2013) similar to cloud cover. We 341 

conducted an additional experiment, “GT_new,” which assimilated transformed cloud cover 342 

as in GT, with GT rainfall and DSR in the first guess background field. The rainfall and DSR 343 

results obtained in the three experiments (NoGT, GT, and GT_new) are shown in Figure 7. 344 

The 2-month RMSE reduction from NoDA for rainfall is shown in Figures 7. The 345 

rainfall field in NoGT deteriorated near 40°N compared to the control experiment. GT 346 

reduced regional RMSE by 2.47% over Japan compared to NoGT (RMSE reduction 347 

increased from 5.37% to 7.84%). GT improvements were mainly distributed over Tohoku, 348 

Japan. When we also applied GT rainfall in the first guess, its RMSE improved over the 349 

whole target area, and the regional RMSE was improved by 25.11% compared to the original 350 

GT experiment (regional averaged RMSE reduction increased from 7.84% to 32.95%). 351 

Figure S4 shows a scatterplot of the original 6 h rainfall in the nature run and RMSE 352 

reductions in the GT_new experiment, relative to NoGT. A negative correlation was detected 353 

between the nature values and the RMSE reduction. The larger improvements obtained for 354 

smaller rainfall values suggest that GT worked better for zero precipitation. It was more 355 

difficult to reproduce rainy days through total cloud cover assimilation, possibly due to 356 

uncertainties in the vertical cloud distribution.  357 

The DSR results are shown in Figures 7d–f. Original cloud cover assimilation 358 

improved the DSR field mainly over land areas north of 40°N, with a regional RMSE 359 

reduction of 0.56%. GT of cloud cover had little effect in improving DSR estimation. GT 360 

results remained negative around a range of 30°–35°N. Figure 7f shows the results of 361 

GT_new, which applied Gaussian-transformed DSR in the first guess. Except in northern 362 

Korea, the Shikoku region of Japan, and some ocean regions, DSR was improved in most 363 

areas and RMSE was reduced by 2.28% over Japan compared to GT (regional averaged 364 

RMSE reduction increased from 2.57% to 4.85%). 365 
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 366 

Figure 7. Horizontal distributions of 2-month RMSE reductions of (a, b, c) rainfall and (d, e, 367 

f) downward solar radiation (DSR) for (a, d) NoGT, (b, e) GT, and (c, f) GT_new relative to 368 

NoDA. All results were Gaussian transformed for consistency. Percentages are regional 369 

averages. Positive values indicate improvement relative to NoDA. 370 

 371 

Lien et al. (2013) directly assimilated Gaussian-transformed precipitation and showed 372 

that the 11-month averaged RMSE of zonal wind was reduced by 37% globally by 373 

precipitation GT when using relatively large observational errors. Although assimilating 374 

rainfall observations recorded in diaries before the 19th century was challenging, our results 375 

demonstrate that we were able to improve non-normally distributed variables (e.g., rainfall 376 
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and DSR) by applying GT to the first guess of the cloud cover assimilation process. In 377 

particular, GT of the rainfall first guess fields showed RMSE improvements of >30% due to 378 

the high non-Gaussianity of rainfall distribution. It should be noted that in reconstructing 379 

actual rainfall that occurred before modern instrumental records, an inverse transformation 380 

method must be applied to the transformed field, as performed by Kotsuki et al. (2017). 381 

4.2 GT impact at a geopotential height of 500 hPa 382 

The 2-month temporal variation in regional averaged RMSE reduction by NoGT and 383 

GT is shown in Figure 8. GT had the greatest effects on rainfall due to its highly non-384 

Gaussian characteristics (Figure 8h). Overall, GT contributed to RMSE reductions in all 385 

variables and reduced the variability of RMSE reductions, as shown in the histogram 386 

distributions. Figure S5 shows that GT improved the regional averaged 2-month RMSE 387 

reductions of all variables.  388 

Two periods were particularly noteworthy: July 28–31 and August 1–5 (red and 389 

yellow shading, Figure 8). Although performance varied among the eight variables, most 390 

showed similar behavior during these two periods. The clearest contrast was in surface 391 

pressure (Figure 8f): NoGT performed better than GT during July 28–31, whereas GT 392 

performed better than NoGT during August 1–5. Some other variables, such as meridional 393 

wind, specific humidity, and cloud cover, also exhibited contrasting performances between 394 

NoGT and GT during these two periods. We further analyzed geopotential height at 500 hPa 395 

to investigate the possible causes of these contrasts. 396 
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Figure 8. Time series of regional averaged RMSE reductions from NoDA. Blue and red lines 398 

indicate RMSE reductions for NoGT and GT, respectively. (a–d) Results of zonal wind, 399 

meridional wind, temperature, and specific humidity, respectively, at 500 hPa. (e–h) Results 400 

of cloud cover, surface pressure, DSR, and rainfall, respectively. GT results for DSR and 401 

rainfall are those of GT_new, with GT also performed in the model background covariance. 402 

Results in (e), (g), and (h) are Gaussian-transformed values for consistency. Histogram 403 

distributions of each atmospheric variable are presented to the right of each figure. Two 404 

periods of interest, July 27–31 and August 1–5, are indicated by red and yellow shading. 405 

 406 

Figure 9 shows the large-scale horizontal distribution of a geopotential height of 500 407 

hPa on two dates. This geopotential height was higher over Japan than over the surrounding 408 

region on August 4, 2017 but not on July 28, 2017. These height patterns were consistent 409 

during July 28–31 and August 1–5, respectively (Figure S6). Therefore, based on the results 410 

shown in Figures 8 and 9, we hypothesize that cloud cover GT had more pronounced impacts 411 

when the 500 hPa geopotential height in nature was higher near Japan than in other regions. 412 

 413 

Figure 9. Horizontal distributions of 500 hPa geopotential height for the “nature” run on (a) 414 

July 28 and (b) August 4, 2017. 415 

 416 

To further verify this hypothesis, we examined a 2-month time series of the nature run 417 

values and RMSE differences for a geopotential height of 500 hPa (Figure 10). When 418 

geopotential height showed a marked upward trend, as in early July and early August, RMSE 419 
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differences between NoGT and GT (calculated as RMSE_NoGT – RMSE_GT) were positive. 420 

Figure 10c shows a scatter plot of these two quantities, indicating a positive correlation 421 

between 500 hPa geopotential height and RMSE differences (r = 0.52). This phenomenon 422 

may have been caused by the enhanced GT impact when 500 hPa geopotential height was 423 

higher in nature, i.e., when the weather near grid points in Japan was clear, with low total 424 

cloud cover. 425 

 426 

Figure 10. Time series of (a) regional averaged 500 hPa geopotential height in the “nature” 427 

run and (b) regional averaged RMSE differences between NoGT and GT (RMSE_NoGT–428 

RMSE_GT). Red and yellow shading are as in Figure 8. (c) Scatterplot of the results shown 429 

in (a) and (b); r is the correlation coefficient. 430 

 431 

Previous studies have focused on evaluating data assimilation performance in 432 

reconstructing 500 hPa geopotential height, particularly in historical climatology studies (e.g., 433 

Steiger et al., 2017). By contrast, we applied OSSE framework to demonstrate the role of 500 434 

hPa geopotential height in cloud cover assimilation, and showed that GT effects were more 435 

pronounced when 500 hPa geopotential height was higher over Japan. 436 

 437 

5 Summary and Conclusions 438 

We conducted OSSEs to investigate the impacts of GT in cloud cover data 439 

assimilation for diary-based historical weather reconstruction. A control experiment without 440 

observations (NoDA) and two experiments assimilating cloud cover (NoGT and GT) were 441 
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performed over Japan.  442 

Compared to NoGT, the 2-month RMSE of zonal wind, meridional wind, air 443 

temperature, and specific humidity were improved by 8.7%, 5.1%, 4.2%, and 1.4%, 444 

respectively, in the mid-troposphere by GT of cloud cover. For two-dimensional variables, 2-445 

month RMSE of cloud cover, surface pressure, rainfall, and downward solar radiation are 446 

improved by 2.2%, 5.2%, 31.0%, and 4.3% over Japan, respectively. We also obtained 447 

improvements by applying GT to first guess values in the assimilation process for non-448 

normally distributed variables (e.g., rainfall and DSR). The GT impact appeared to be more 449 

pronounced when the weather near Japan was clear, with low total cloud cover. We 450 

demonstrated that 500 hPa geopotential height over Japan was positively correlated with the 451 

GT impact. 452 

For the reconstruction of actual rainfall that occurred before modern instrumental 453 

records, an inverse transformation method must be applied to the transformed field; this can 454 

be achieved using an observation-based empirical function (e.g., Kotsuki et al., 2017). The 455 

treatment of categorized diary data also requires consideration (Brázdil et al., 2010). Despite 456 

these practical limitations, the increasing availability and reliability of documentary records 457 

(e.g., Brázdil et al., 2005; Camenisch et al., 2019; White et al., 2018) suggests that GT could 458 

play an important role in the high-resolution reconstruction of historical weather. 459 

 460 
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Introduction  

In the supporting text, we describe in detail the determination of ensemble member size (Text 

S1, Figure S1) and the covariance inflation method (Text S2, Figure S2) in local ensemble 

transform Kalman filter (LETKF). The Gaussian transformation (GT) impacts on clear days 

are shown in Figures S3, S4, and S6, and the 2-month RMSE reductions for all variables are 

summarized in Figure S5. 
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Text S1. LETKF ensemble size 

We conducted pre-experiments using ensemble member sizes ranging from 20 to 90. Figure 

S1 shows RMSE reductions for NoGT and GT at different ensemble member sizes. Cloud 

cover improved as ensemble member size increased (Figure S1a). For other surface variables, 

40 and 60 ensembles showed better performance (gray bars in other cases indicate negative 

reductions). Although differences between GT and NoGT were greater at an ensemble size of 

40, the GT results were negative for both temperature and specific humidity (Figures S1d and 

S1e). Therefore, we adopted an ensemble member size of 60 in this study. 

 

Text S2. LETKF covariance inflation method 

We explored different covariance inflation method choices in LETKF. Figure S2 shows the 

vertical distribution of RMSE reductions by GT using no covariance inflation, adaptive 

covariance inflation (Miyoshi, 2011), and a relaxation-to-prior-spread (RTPS) scheme (α = 

0.5) (Whitaker & Hamill, 2012). Zonal wind was markedly improved by RTPS in the mid-

troposphere and below, compared to adaptive inflation and no inflation (Figure S2a). 

Differences among the three methods were clearest in meridional wind (Figure S2b). RTPS 

greatly improved the meridional wind field at all heights compared to the no inflation and 

adaptive inflation results. Air temperature (Figure S2c) and specific humidity (Figure S2d) 

showed similar results. RTPS generally showed better performance at <300 hPa. Therefore, 

we adopted RTPS (α = 0.5) as the covariance inflation method in this study. 
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Figure S1. Regional averaged 2-month RMSE reductions of (a) cloud cover, (b) zonal wind, 

(c) meridional wind, (d) temperature, and (e) specific humidity for different ensemble 

member sizes. (b–e) Results near the surface. Blue and red lines show RMSE reductions from 

NoDA by NoGT and GT, respectively. Gray bars indicate differences between the red and 

blue lines. Positive values indicate improvement due to GT. 
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Figure S2. Vertical distributions of 2-month RMSE reductions due to GT relative to NoDA. 

Blue, green, and red lines indicate no covariance inflation, adaptive covariance inflation, and 

a relaxation-to-prior-spread method (α = 0.5). Results are regional averages of (a) zonal wind, 

(b) meridional wind, (c) temperature, and (d) specific humidity. Positive values indicate 

improvement relative to NoDA. 
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Figure S3. Boxplot grouped by transformed cloud cover for the “nature” run. Vertical axes 

are RMSE differences between NoGT and GT (RMSE_NoGT–RMSE_GT) at a single grid 

point on Honshu Island, Japan (see Figure 2) for (a) transformed cloud cover and (b) 500 hPa 

meridional wind. Yellow dashed lines in each box indicate median values. Positive values 

indicate improvement due to GT. 
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Figure S4. Scatterplot of original 6 h rainfall in the “nature” run and regional averaged 

rainfall RMSE differences between NoGT and GT (RMSE_NoGT–RMSE_GT). RMSE was 

calculated using Gaussian-transformed values. Positive values indicate improvement due to 

GT; r is the correlation coefficient. 
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Figure S5. Summary of 2-month RMSE reductions from NoDA. Blue and red bars show 

RMSE reductions by NoGT and GT, respectively. U, V, T, and Q are three-dimensional 

variable results at 500 hPa, i.e., zonal wind, meridional wind, temperature, and specific 

humidity, respectively. Cloud, SP, DSR, and rainfall are two-dimensional variables, i.e., 

cloud cover, surface pressure, downward solar radiation, and rainfall, respectively. GT results 

for DSR and rainfall are GT_new results. Cloud, DSR, and rainfall results were Gaussian-

transformed for consistency. 
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Figure S6. Horizontal distributions of 500 hPa geopotential height in the “nature” run during 

July 26–August 7, at 1-day intervals. 

 


