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Abstract 36 

 37 

This study evaluated the impact of a future space-borne Doppler wind lidar (DWL) on 38 

a super-low-altitude orbit using an observing system simulation experiment (OSSE) 39 

based on a sensitivity observing system experiment (SOSE) approach. Realistic 40 

atmospheric data, including wind and temperature, was provided as “pseudo-truth” (PT) 41 

to simulate DWL observations. Hourly aerosols and clouds that are consistent with PT 42 

winds were also created for the simulation. A full-scale lidar simulator, which is described 43 

in detail in the companion paper, simulated realistic line-of-sight wind measurements and 44 

observation quality information, such as signal-to-noise-ratio (SNR) and measurement 45 

error. Quality control (QC) procedures in the data assimilation system were developed to 46 

select high-quality DWL observations based on the averaged SNR from strong 47 

backscattering in the presence of aerosols or clouds. Also, DWL observation errors used 48 

in the assimilation were calculated using the measurement error estimated by the lidar 49 

simulator. 50 

 51 

The forecast impacts of DWL onboard polar- and tropical-orbiting satellites were 52 

assessed using the operational global data assimilation system. Data assimilation 53 

experiments were conducted in January and August in 2010 to assess overall impact 54 

and seasonal dependence. It is found that DWL on either polar- or tropical-orbiting 55 
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satellites is overall beneficial for wind and temperature forecasts, with greater impacts for 56 

the January experiments. The relative forecast error reduction reaches almost 2% in the 57 

tropics. An exception is a degradation in the southern hemisphere in August, suggesting 58 

a need to further refine observation error assignment and QC. A decisive conclusion 59 

cannot be drawn of the superiority of polar- or tropical-orbiting satellites due to their 60 

mixed impacts. This is probably related to the characteristics of error growth in the 61 

tropics. The limitations and possible underestimation of the DWL impacts, for example 62 

due to a simple observation error inflation setting, in the SOSE-OSSE are also 63 

discussed. 64 

 65 

 66 

Keywords  OSSE; Doppler wind lidar; satellite data assimilation; global wind 67 

observation; numerical weather prediction 68 

69 
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1. Introduction 70 

Measurement of the three-dimensional global wind field is crucial for numerical weather 71 

prediction, climate studies, and monitoring and prediction of aerosols and other 72 

environmental species. The current global observing network contains various wind 73 

measurement instruments, such as radiosondes, wind profilers, Doppler radars, 74 

ground-based Doppler wind lidars (DWLs), and aircraft based sensors. These 75 

measurements are accurate and provide vertical wind profiles, but observational coverage 76 

is limited from a global perspective. Atmospheric motion vectors (AMVs), generated by 77 

tracking sequential satellite images and ocean surface winds measured by space-borne 78 

scatterometers, cover the globe but provide a very limited vertical sounding capability. A 79 

space-borne DWL is a promising candidate to help to complete the measurement 80 

requirement with respect to accuracy, resolution and coverage (WMO, online). A DWL 81 

transmits laser pulses and receives backscattered signals, from which Doppler shifts 82 

imposed by atmospheric motion of the distant target are retrieved. Space-borne DWLs can 83 

observe wind profiles globally with a high degree of accuracy. Indeed, the European Space 84 

Agency (ESA) is preparing to launch a DWL on its Aeolus satellite (ESA 1999; Stoffelen el 85 

al. 2005) and scientific communities in the United States are studying the feasibility of 86 

space-borne DWLs (Baker et al. 2014).  87 

 88 

The Japanese scientific community is also discussing the feasibility of such a mission 89 
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and preliminary results were recently published in an overview paper (Ishii et al. 2016). In 90 

addition, our detailed studies on instrumental development and a lidar simulator are 91 

presented in the companion papers of Ishii et al. (2017) and Baron et al. (2017), 92 

respectively. This study aims to investigate the impact of DWL on numerical weather 93 

prediction using an observing system simulation experiment (OSSE) based on a sensitivity 94 

observing system experiment (SOSE; Marseille et al. 2008a) approach and discuss 95 

trade-offs in DWL configuration and data assimilation system processing. Also, extending 96 

the operational assimilation system to use DWL observations ensures that we improve 97 

readiness for Aeolus and future space-borne DWL observations.  98 

 99 

There has been much research on OSSE for DWL on Aeolus (Stoffelen et al. 2006; Tan 100 

et al. 2007; Marseille et al. 2008a; Marseille et al. 2008b; Marseille et al. 2008c), OSSE for 101 

DWLs discussed in U.S. communities (Atlas 1997; Masutani et al. 2010; Riishojgaard et al. 102 

2012; Atlas et al. 2015; Ma et al. 2015), and related fundamental studies (Lorenc et al. 103 

1992; Žagar et al. 2004; Riishøjgaard et al. 2004; Žagar et al. 2008; Horányi et al. 2015). 104 

These studies accurately simulated DWL observations and assessed their impacts on 105 

analysis and forecast skills using sophisticated data assimilation systems. They agree that 106 

positive impacts are obtained with DWL assimilation and those impacts become greater 107 

with an increase in data from more satellites, multiple telescopes, and scanning sampling 108 

systems.  109 
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 110 

Although these studies made significant efforts to create realistic simulations, including 111 

wind and clouds, they seem to use statistical aerosol parameters instead of a day-by-day 112 

aerosol field consistent with atmospheric variables. A DWL with a coherent detection 113 

technique is here simulated, which focuses more on the lower troposphere than 114 

direct-detection DWL methods such as that used by Aeolus (Ishii et al., 2017). As aerosols 115 

play a critical role in simulations of DWL backscatter and therefore in DWL wind 116 

observation distributions and quality, simulations with realistic aerosol variation are 117 

essential for coherent-detection DWL OSSE as detailed here. Thus, we simulated 118 

hour-by-hour aerosol fields that are consistent with winds and included them in the lidar 119 

simulator together with atmospheric variables and clouds to accurately simulate DWL wind 120 

and quality information at each observation location and level. Furthermore, we developed 121 

a preprocessing method in the data assimilation system to apply quality control (QC) 122 

procedures and assign observation errors to the DWL using quality information. These 123 

preprocessings are essential for data assimilation and DWL wind quality was carefully 124 

estimated in, for example, Marseille and Stoffelen (2003) and Su et al. (2014). However, the 125 

estimated quality information has not been explicitly utilized in previous DWL data 126 

assimilation studies. Finally, we carried out data assimilation experiments with simulated 127 

DWL in January and August 2010. This allows us to check seasonal difference of DWL 128 

impacts, which has never been published in previous studies as far as we know. 129 



 7 

 130 

  This paper is organized as follows: Section 2 describes the OSSE and data assimilation 131 

preprocessing techniques for DWL. The OSSE includes creating a pseudo-truth 132 

atmospheric field as well as cloud and aerosols, which are used as input for the lidar 133 

simulator. The DWL instrument considered in this study and the lidar simulator are also 134 

briefly described. More details can be found in the companion papers. Section 3 presents 135 

results of data assimilation experiments for the simulated DWL. Section 4 summaries the 136 

study and shows plans. Appendix lists the acronyms used in this paper. 137 

 138 

 139 

2. OSSE configuration and assimilation method 140 

2.1 OSSE 141 

  Previous studies have employed three different OSSE approaches for DWL: nature-run 142 

(NR)-OSSE (Stoffelen et al. 2006; Masutani et al. 2010; Riishojgaard et al. 2012; Atlas et al. 143 

2015; Ma et al. 2015), SOSE-OSSE (Marseille et al. 2008a), and ensemble-based OSSE 144 

(Tan et al. 2007; Megner et al. 2014). Although NR-OSSE has been the most widely used 145 

approach, producing accurate NR and existing observations, including error statistics, is 146 

labor intensive (Masutani et al. 2010). Ensemble-based OSSE requires the computing 147 

resources of many ensemble members to reduce sampling errors. This study adopted 148 

SOSE-OSSE because it can use existing real observations and be implemented using 149 
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modest computing resources. SOSE-OSSE defines a synthetic atmospheric state as 150 

pseudo-truth (PT), which represents realistic atmospheric fields and are constructed to 151 

reduce forecast error. 152 

  153 

SOSE-OSSE is composed of two steps (Fig. 1). The first step is to produce a PT and 154 

related fields such as aerosols and clouds as shown in the upper block of Fig. 1. In this 155 

study, we produced hourly PTs, clouds, and aerosol fields in January and August 2010. 156 

These were used to simulate DWL observations (see Section 2.3 and Baron et al. 2017). 157 

The second step is to assimilate the simulated DWL measurements together with existing 158 

real observations (see Sections 2.4 and 3), which is illustrated in the lower block in Fig. 1. 159 

We implemented the first step on an offline basis: we did not interactively update PT and 160 

the related fields at every assimilation cycle. An interactive update could produce more 161 

accurate PT and the related fields that could result in longer forecast lead time (Marseille et 162 

al. 2008c). But it would require significant resources in which PT generation process and 163 

the aerosol model (see later) must be performed at every assimilation cycle step for each 164 

experiment. 165 

 166 

The way to construct the PT is described in Ishibashi et al. (2014) and briefly summarized 167 

below. The procedure was based on Marseille et al. (2008a): An original initial (analysis) 168 

field was corrected using adjoint sensitivity structure and by merging with existing 169 

Fig. 1 
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observations. The adjoint sensitivity structure was calculated from the dry total energy norm 170 

at 27-h forecast. The adjoint model came from a global data assimilation system of the 171 

Japan Meteorological Agency (JMA; Japan Meteorological Agency 2007). The data 172 

assimilation system was based on a four-dimensional variational (4D-Var) method with a 173 

horizontal resolution of TL319 (~60 km) for the outer model and T106 (~120 km) for the 174 

inner model, and 60 vertical layers up to 0.1 hPa. It was found that when the global PT field 175 

was used as initial condition, forecast errors were reduced throughout a nine day forecast 176 

period and that the error reduction exceeded 6% of a normalized RMSE verified against the 177 

high resolution operational analysis for temperature and zonal wind at day 2 (Ishibashi et al. 178 

2014). In addition, assimilation of synthetic wind profile observations made from PT winds 179 

on a polar orbiting satellite with an unrealistic high spatial sampling showed significant 180 

improvements in forecasts from day 2 to 4 in a single-cycle assimilation experiment (Ishii et 181 

al. 2016). These preliminary results convinced us to use PT fields as sufficiently accurate 182 

atmospheric fields to simulate DWL wind observations. We will further discuss this through 183 

the maximum potential improvement experiment in section 3b. 184 

 185 

PT contains meridional and zonal winds, temperature, surface pressure, and specific 186 

humidity. Aerosols and clouds that are compatible with the PT field need to be created for 187 

the lidar simulation. Regarding clouds, we employed forecast cloud variables (cloud fraction 188 

and cloud mass content) from a global forecast model, as adopted by Marseille and 189 
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Stoffelen (2003), during the data assimilation cycle of the PT generation process. 190 

Evaluation of the cloud forecasted by JMA’s global forecast model is found in Kawai et al. 191 

(2014) and Kobayashi et al. (2015). Aerosol distributions were calculated using a global 192 

aerosol model named Model of Aerosol Species IN the Global AtmospheRe (MASINGAR; 193 

Tanaka and Chiba 2005; Yukimoto et al. 2012). MASINGAR is a chemical transport model 194 

used for the research on climate change and data assimilation in meteorological research 195 

institute of JMA, and for dust prediction operation at JMA. It treats sea salt, dust, sulfate, 196 

black carbon, and organic carbon. The wind field in MASINGAR was hourly adjusted to 197 

agree with PT wind using a nudging scheme based on a Newtonian relaxation forcing. 198 

MASINGAR was run with a horizontal resolution of 1.125 degree and 48 vertical layers up 199 

to 0.4 hPa. 200 

 201 

2.2 DWL and satellite 202 

We assume a DWL with coherent detection technique, which has been long developed at 203 

Japan’s National Institute of Information and Communications Technology (NICT).  Two 204 

looks of the DWL are pointing toward the ground at 35 ̊ off-nadir with azimuth angles of 45  ̊205 

and 135 ̊ along the satellite track. This dual-perspective observation capability allows us to 206 

construct horizontal wind vectors from the retrieved line-of-sight (LOS) winds. Laser 207 

wavelength, pulse energy, and pulse repetition frequency are 2.0 μm, 125 mJ, and 30 Hz, 208 

respectively. A scanning sampling function, which would significantly increase observation 209 
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coverage, is not considered at this stage due to the need to solve a technical difficulty in a 210 

realistic development timeframe. Target vertical resolution and wind speed accuracy are set 211 

to 0.5 km and 1 m s-1 at an altitude between 0 and 3 km, 1 km and 3 m s-1 between 3 and 8 212 

km, and 2 km and 3 m s-1 between 8 and 20 km to meet the World Meteorological 213 

Organization (WMO) observation user requirement (WMO, online). Horizontal resolution is 214 

assumed to be 100 km to obtain enough data with the target vertical resolution and 215 

accuracy under the current lidar instrumental specifications. Note that both resolutions can 216 

be varied in a trade-off manner (e.g., higher horizontal resolution is allowed for poorer 217 

vertical resolution).  218 

 219 

A possible candidate platform for the DWL is a super-low-altitude satellite flying at 220 220 

km or lower. The low orbit allows the DWL to operate with reduced pulse energy and 221 

smaller telescope than a DWL at a normal altitude (e.g., 400~800 km). Satellite orbit can be 222 

influential in observation coverage and retrieval quality. Thus, this study discusses the 223 

different orbit effectiveness of a dawn-dusk sun-synchronous polar-orbiting satellite passing 224 

the equator at 18 local time, like Aeolus, and a non-sun-synchronous, low-inclination 225 

satellite focusing on the tropics, like the Tropical Rainfall Measuring Mission (TRMM) 226 

satellite. For this, we compared a sun-synchronous polar-orbiting satellite at 220 km and a 227 

96.4 ̊ inclination angle (“polar satellite”) and a non-sun-synchronous, low-inclination 228 

satellite at 220 km and 35.1 ̊ (“tropical satellite”) in this study. More technical details of DWL 229 
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and satellites are described in Ishii et al. (2017). 230 

 231 

2.3 lidar simulator 232 

The lidar simulator, named the Integrated Satellite Observation Simulator for a 233 

space-borne coherent Doppler lidar (ISOSIM-L), is an end-to-end simulator that calculates 234 

backscattered power, background noise power, signal-to-noise ratio (SNR), LOS wind 235 

speed, noisy Doppler-shifted signal, and finally the retrieved LOS winds and retrieval 236 

quality information. It calculates scattering and absorption coefficients of cloud and aerosol 237 

particles using Mie theory. The spatial and temporal variability of the clouds is taken into 238 

account by randomly generating cloud based on the cloud fraction related with PT. Aerosols 239 

are sea salt, dust, sulfate, black carbon, and organic carbon, and clouds are stratus and 240 

cumulus liquid clouds and cirrus ice clouds. A sunglint effect is not included in the 241 

simulation because it is significantly reduced in the coherent DWL system in which a 242 

narrow-band width filter only measures the desired frequencies. Wind speed in the LOS 243 

direction from DWL is derived from a Doppler shifted frequency estimated with a maximum 244 

likelihood probability approach with the vertical resolution (0.5, 1.0, or 2.0 km) per laser 245 

shot. The final output of ISOSIM-L for OSSE is a LOS wind speed averaged in the 246 

horizontal resolution (100km). It has 19 layers from the surface to about 27 km altitude. 247 

Baron et al. (2017) shows that LOS wind can be considered as a good retrieval if N1/2SNR 248 

is over 0.08, where N is the total range-bin number in a resolved volume (for example 249 
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N=2304 for a 0.5 km x 100 km target resolution). Details of ISOSIM-L are described in 250 

Baron et al. (2017).  251 

 252 

The left panel in Fig. 2 shows sample coverage of DWL on the polar and tropical 253 

satellites ISOSIM-L simulated at the sixth layer (11.4 km altitude on the global average) and 254 

the 14th layer (2.7 km) from 09 through 15 UTC August 1 2010. The dots correspond to the 255 

position of the retrievals (100 km horizontal resolution) obtained from both telescopes. 256 

Target locations of the two telescopes are very close and cannot be distinguished from the 257 

plots. The N1/2SNR varies according to the vertical profile of aerosols and clouds as shown 258 

in Baron et al. (2017). For example, at low latitudes it becomes larger due to cirrus clouds at 259 

high altitude, and low clouds, dusts and sea salt aerosols at low altitudes. 260 

 261 

2.4 Data assimilation system 262 

a. Observation operator 263 

We assimilate individual LOS wind speed independently. Our coherent DWL with two 264 

telescopes can retrieve zonal and meridional winds by collocating winds in two different 265 

LOS directions under the assumption of the absence of a vertical wind component. 266 

However, the matching process slightly reduces data availability and makes it hard to use 267 

quality information given for individual retrieval. The observation operator, which maps 268 

model wind variables into observation counterparts, for DWL LOS wind speeds is a bi-linear 269 

Fig. 2 
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interpolation of model-gridded zonal and meridional winds (u, v) to observation locations 270 

and subsequent transformation into LOS wind speed w. 271 

   sincossin iii vuw  ,                            (1) 272 

where θ and φi are the nadir angle toward the satellite and the angle between the north and 273 

LOS direction i (1 or 2). For the DWL we assume θ = 35° and φi = 45° or 135°. Note that Eq. 274 

(1) also assumes no vertical wind component.  275 

 276 

b. QC 277 

The QC procedure for DWL consists of three steps. First, anomalous data flagged by 278 

ISOSIM-L are rejected. Also, winds in the lowest layers (lower than 100 m) in ISOSIM-L are 279 

excluded because of contamination by surface reflection (anomalous QC). Secondly, data 280 

with N1/2SNR smaller than 0.1 are rejected (SNR-QC), excluding data retrieved from low 281 

signal. This threshold (0.1) is a little larger than the original one (0.08) in Baron et al. (2017; 282 

see section 2.3) and was determined to reduce the risk of low signal data contamination. 283 

Finally, data are removed when observation values are unreasonably departed from 284 

first-guess (gross error QC). The thresholds for gross error QC are determined as a 285 

function of altitude range based on several trial data assimilation experiments: 0.5 m s-1 286 

below 3 km, 1.0 m s-1 between 3 and 8 km, and 1.5 m s-1 above 8 km. Note that these 287 

values are defined for wind speed in the LOS direction and correspond to the horizontal 288 

wind speed times sinθ ~ 0.57. These three QC procedures are applied in the order 289 
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presented above.  290 

 291 

We examined the three QC procedures by comparing observations and PT. Figure 3 292 

shows probability distribution functions (PDF) of observation-minus-PT (PT departure) on 2 293 

January and 2 August 2010. It is obvious that the PT departure decreases (sharper and 294 

higher peak of PDF) for QC-passed data, indicating that the QC procedure successfully 295 

chooses good DWL observations that are close to PT. Interestingly, the PT departure before 296 

QC in January is smaller than the one in August although PT departures after QC are 297 

similar. This seasonal difference in DWL quality is perhaps due to seasonal variances in 298 

cloud and aerosol distribution. An example of the distribution of DWL winds that passed all 299 

QC is shown in the right column of Fig. 2. The comparison with all data in the left column of 300 

Fig. 2 suggests that rejection is mostly determined by SNR-QC (DWL winds with small 301 

N1/2SNR disappear). This can be clearly confirmed in Table 1, which shows a monthly 302 

averaged number (percentage) of data rejected by each of the three QCs for 6-h period of a 303 

data assimilation window. Although the number varies from one analysis to another 304 

because of variable cloud and aerosol distributions, on average 15% of DWL winds survive 305 

and SNR-QC has the largest contribution, removing almost half of the total number. One 306 

may think this survival ratio is somewhat too small despite it effectively removes bad quality 307 

data. It would be another option to assimilate more data with low quality by assigning large 308 

observation error instead of removing them at all.  309 

Fig. 3 
Table 1 
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 310 

c. Observation Error 311 

An observation error in the data assimilation context consists of a measurement error, an 312 

observation operator error, and a representativeness error. The measurement error 313 

includes instrument noise, wind fluctuation in a target observation volume, and retrieval 314 

processing error. Because ISOSIM-L takes into account these errors, we adopted 315 

ISOSIM-L error estimates for measurement error. Figure 4 shows monthly-averaged 316 

measurement errors estimated by ISOSIM-L in six latitudinal bands for six layer groups in 317 

January and August 2010. The measurement error increases with altitude despite more 318 

samples being used for averaging in higher layers. Also, we found that there is a noticeable 319 

difference between January and August, suggesting a need to assign observation error in 320 

consideration of seasonal variation that is probably due to atmospheric conditions. The 321 

observation operator error for DWL is caused by interpolation and variable transformation in 322 

Eq. (1). Neglecting the vertical wind component may not be negligible, whereas errors due 323 

to interpolation are small. The representativeness error arises when the representative 324 

scale is different between the observation and model, such as fine structured winds that are 325 

unresolved by the model. In particular, DWL observation geometry is a 100-km-long line, 326 

whereas the inner model of the data assimilation system is representative of a 120x120 km2 327 

box. This difference can cause non-negligible representativeness errors, for example, in the 328 

presence of horizontal wind shear. As an exact estimation of the observation operator error 329 

Fig. 4 
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and representativeness error is difficult, we assumed that the sum of these two errors is 1.0 330 

m s-1. 331 

 332 

Finally we calculate the observation error R as a summation of these three components:  333 

22
0.1 mECR                                        (2) 334 

Em is the measurement error ISOSIM-L estimates and 1.0 is the sum of the other errors, as 335 

described above. C is an observation error inflation factor, which is set to 4.0 in the region 336 

equatorward 60 ̊ latitude and 6.0 in the other regions in this study. The greater inflation at 337 

high latitude has been empirically derived from preliminary cycle experiments with a global 338 

constant inflation factor that worsen forecasts in both extra-hemispheres. Because this 339 

degradation seemed to originate from large analysis errors in high-latitude regions, we 340 

decided to reduce the weight of DWL in these latitudes. Figure 5 shows a zonal mean of 341 

observation error assigned for QC-passed data in August 2010. The observation error is 342 

4–5 m s-1 in most regions equatorward 60 .̊ It gets closer to 7 m s-1 at higher latitude and 343 

becomes larger than 7 m s-1 above 300 hPa. This variation corresponds to that of 344 

measurement error Em in Fig. 4. Note that as these values are defined in the LOS direction, 345 

they are much larger than those for other wind observations. For example, the observation 346 

error set for meridional and zonal wind speeds from 1000 to 100 hPa is 2.3–3.1 m s-1 for 347 

radiosondes and 4.5–6.8 m s-1 for AMVs. These large observation errors for DWL seem to 348 

be counterintuitive in view of the small measurement errors in Fig. 4. Although the inflation 349 

Fig. 5 
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factor of 4.0 appears to be too large, trial experiments with smaller values (e.g., 1.0, 1.5, or 350 

3.0) showed clearly negative forecast impacts.  351 

 352 

There are some possible reasons for the need to set this large inflation factor. First, it 353 

may be related to having no spatio-temporal thinning procedure (selection of one preferred 354 

observation in a predefined spatial volume and temporal period) applied for DWL. In 355 

contrast, observations other than DWL are thinned in the JMA data assimilation system to 356 

counteract neglecting observation error correlation and to reduce the use of computational 357 

resources. For example, AMVs are significantly thinned so that one AMV is picked up in a 358 

200 km x 200 km x 100 hPa volume and in a six-hour assimilation window. The lack of 359 

thinning procedure for DWL observations may be also related to larger inflation setup in 360 

high latitudes in which relatively denser DWL observations are assimilated. Second, 361 

inflating observation errors are widely implemented for satellite observations, such as a 362 

large amount of space-borne radiance observation, in the JMA data assimilation system. 363 

For example, inflation factors for the Advanced Microwave Sounding Unit (AMSU-A) and 364 

Microwave Humidity Sounder (MHS) are 1.2 and 4.5. This treatment aims to avoid the 365 

detrimental effect of error correlation and unbalance with other observations and first-guess. 366 

This may hold for DWL observations, too, suggesting the necessity of thinning and/or error 367 

inflation. Lastly, another possible reason for inflation is errors in the PT itself. In 368 

SOSE-OSSE PT is not a truth, thus simulated observations can have errors. To treat such 369 
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errors, Marseille et al. (2008a) tuned observation errors using sensitivity information in their 370 

SOSE-OSSE. They inflated observation errors over regions where the analysis adaptation 371 

(difference between PT and original analysis) is small, for example, in regions with 372 

abundant existing observations. This processing intends to avoid spurious correlation with 373 

existing observations and to reduce relatively large stochastic error in PT. Our approach, by 374 

contrast, is a uniform inflation because of the difficulty in obtaining the analysis adaptation 375 

magnitude at each observation location Marseille et al. (2008a) requires. Even this simple 376 

approach is able to avoid these errors but should underestimate impact of DWL in sparse 377 

regions of existing observations. Restricting the inflation in the observation sparse regions 378 

could be more optimal approach. Further investigation of the reason for large inflation and 379 

efforts to assign more reasonable observation errors are still ongoing.  380 

 381 

 382 

3. Results of data assimilation experiments 383 

3.1 Experiment configuration 384 

We conducted analysis-forecast cycle experiments to assess impacts of DWL data 385 

simulated by ISOSIM-L in January and August 2010. The data assimilation system was the 386 

low-resolution version of the operational global data assimilation system of JMA as of 2010 387 

(Japan Meteorological Agency 2007). The resolution of the forecast model was TL319L60 388 

(approximately 60 km horizontally and 60 vertical layers) and the model top was at 0.1 hPa. 389 
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The analysis system was an incremental 4D-Var method with an inner loop of T106L60 390 

(approximately 120 km). We performed 6-h data assimilation cycles from 20 December 391 

2009 through 7 February 2010 (January experiment) and 20 July through 9 September 392 

2010 (August experiment), and ran 168-h forecasts at 12 UTC from 1 through 31 January 393 

2010 for the January experiment and from 1 through 31 August 2010 for the August 394 

experiment.  395 

 396 

Results are shown from three experiments with different observation configurations. One 397 

is a reference experiment, denoted as CNTL, where all of the observations used in the 398 

operational system were assimilated. The global wind observations in CNTL included AMVs 399 

from five geostationary satellites and two polar-orbiting satellites; ocean surface wind 400 

vectors from a microwave scatterometer on European Metop polar satellites, buoys, and 401 

ships; land surface wind vectors from SYNOP reports; and wind vector profiles from aircraft, 402 

wind profilers, and radiosondes. Tropical cyclone (TC) bogus data of wind vector profiles 403 

and surface pressure were also assimilated around the center of TCs over the western 404 

North Pacific. Other satellite observations in CNTL were radiances of AMSU-A, AMSU-B, 405 

MHS, SSM/I, AMSR-E, TMI and SSMIS instruments; clear sky radiances at water vapor 406 

channels on five geostationary satellites, and atmospheric refractivity from GNSS-RO. The 407 

other experiments, denoted TESTP and TESTT, assimilated DWL LOS winds from the 408 

polar and tropical satellite from 00 UTC 1 through 18 UTC 31 January 2010 for the January 409 
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experiment and from 00 UTC 1 through 18 UTC 31 August 2010 for the August experiment, 410 

respectively, in addition to CNTL observations. TESTP and TESTT are collectively referred 411 

to as TESTs. A list of all the experiments discussed in this study is shown in Table 2.  412 

 413 

Note that small random perturbations were added to DWL LOS winds simulated by 414 

ISOSIM-L. An additional perturbation has been found in many NR-OSSE studies to mimic 415 

realistic observation error and avoid using simulated observations too close to truth. In this 416 

study, in contrast, DWL winds generated by ISOSIM-L already included the measurement 417 

error (Section 2.4c). However, because there may be unexpected error sources in real 418 

DWL observations, we decided to add a small perturbation of a Gaussian probability 419 

distribution with a standard deviation of 0.2 m s-1. Nevertheless, this small perturbation 420 

made negligible difference in impacts on forecasts when compared with experiments 421 

without the perturbation. The possible sources of these unexpected errors are height 422 

assignment error due to wind shear (Sun et al. 2014) and vertical motion contribution 423 

(Marseille et al. 2010), and more accurate estimate is necessary in future work. 424 

  425 

3.2 Results of analysis and forecast 426 

a. Analysis 427 

First, we examined the change in analysis error made by assimilating DWL winds to see 428 

whether the assimilation system worked properly. An error relative to PT was calculated as 429 
Fig. 6 

Table 2 
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the absolute difference between analysis and PT. Figure 6 shows the zonal wind error 430 

difference between CNTL and DWL assimilation experiments at 12 UTC on 1 August 2010. 431 

In this comparison, the DWL assimilation experiments employed the same first guess as 432 

CNTL, instead of TESTs, to clarify observation impacts in the single assimilation cycle. 433 

Figure 6 illustrates that areas with error differences mostly correspond to DWL coverage 434 

that passes QC in Fig. 2. Although negative impacts (increasing error) occasionally occur, 435 

which represents the stochastic properties of the data assimilation process (Stoffelen et al. 436 

2006), positive impacts (decreasing error) are more likely seen.  437 

 438 

Figure 7 shows accumulated DWL numbers over one month for TESTs in 10 hPa 439 

pressure bins and 2 degree latitude bins. The large availability of QC-passed DWLs is 440 

related to strong backscattering and weak absorption by clouds and aerosols. For example, 441 

there are many DWL observations available in high latitudes and in the upper troposphere 442 

in the tropics because of cloud top backscattering. A seasonal change in latitudinal shift 443 

associated with the intertropical convergence zone can be seen around 15°S for the 444 

January experiment (Figs. 7b and 7e) and around 10°N for the August experiment (Figs. 7c 445 

and 7f). A large amount of data available around 30°N for the August experiment (Fig. 7c), 446 

despite usually few clouds in the subtropical subsidence region, is explained by a strong lift 447 

of desert dust aerosols depicted in Fig. 2 in Baron et al. (2017). Also, obvious amount of 448 

DWL below 700 hPa is given by water clouds and aerosols. Note that the extensive number 449 

Fig. 7 
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in polar regions in TESTP and around 35° in TESTT is produced by frequent overpass of 450 

satellites. Horizontal stripes of dense data layer can also be seen over most latitudes 451 

especially over ocean. This is caused by the retrieved wind altitude corresponding to the 452 

center of fixed vertical layers with respect to the surface in ISOSIM-L. With the vertical layer 453 

spacing set to 0.5, 1.0 and 2.0 km according to altitude in the ISOSIM-L retrieval process 454 

(see section 2.2 and 2.3), the stripe distribution appears to vary with altitude in the pressure 455 

coordinate. 456 

 457 

For comparison, AMVs from five geostationary and two polar orbiting satellites are 458 

plotted in Figs. 7g and 7h. It is evident that no AMVs are assimilated in the middle 459 

troposphere. This is a result of rigorous QC procedures based on a blacklisting database in 460 

which AMVs in this region are identified as poor quality from observation minus first guess 461 

statistics. Moreover, a large portion of AMVs are excluded in other regions by thinning and 462 

QCs based on AMV quality index. This comparison indicates that DWL can complement the 463 

coverage of AMVs, especially in the middle troposphere. However, we also need to keep in 464 

mind that there is a possibility that QC and thinning procedures for actual DWL 465 

observations may remove more data than those for simulated observations, and that AMVs 466 

from new-generation geostationary satellites, such as Himawari-8, can produce more 467 

accurate and numerous AMVs (Shimoji 2014).  468 

 469 
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b. Forecast 470 

Impacts of assimilating DWL were assessed with respect to forecast improvement by 471 

comparing TESTs and CNTL. The forecast improvement is defined as the relative forecast 472 

error reduction, which represents root mean square error (RMSE) difference between 473 

CNTL and TESTs normalized by the CNTL RMSE: (RMSECNTL-RMSETEST)/RMSECNTLx100. 474 

A positive value corresponds to a reduced RMSE or improvement (positive impact) in the 475 

TESTs forecast. The RMSE is verified against PT unless otherwise stated. Although 7 day 476 

forecasts were run in all experiments, the verification focuses on forecasts up to day 5 477 

because evaluation of forecasts beyond day 5 is less reliable from the examination of the 478 

possible maximum improvement experiment using initial conditions of PT, as discussed 479 

later in this section.  480 

 481 

Figure 8 shows the relative forecast error reduction of zonal wind for TESTP and TESTT 482 

in the January experiment. Positive impacts are evident in both hemispheres and in the 483 

tropics for a broad forecast range. Improvement is clear especially in the upper and lower 484 

troposphere in the tropics, with statistical significance. It almost reaches 2% around 200 485 

hPa and below 600 hPa for TESTP. In addition, there is a statistically significant 486 

improvement in the low troposphere in both hemispheres for TESTP and TESTT. Figure 9 487 

shows time sequence of RMSE for zonal wind at 250 and 700 hPa in the tropics at day 3. 488 

RMSE varies from one day to the next but the improvement in TESTs is more frequently 489 

Fig. 8 

Fig. 9 
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seen especially in the middle of the month. This finding is encouraging in that DWL 490 

improves not only the monthly averaged forecasts but also daily forecasts. 491 

 492 

Figure 10 shows that impacts for the August experiment are also generally positive with 493 

some exceptions. Positive impacts with statistical significance are seen at day 2 and 3 in 494 

the upper troposphere for TESTP, and at day 1.5 in the upper troposphere of the tropics 495 

and between day 1.5 and 4 in the lower troposphere of the southern hemisphere for TESTT. 496 

However, a degradation is noticeable in the tropics for both TESTP and TESTT. Moreover, 497 

a statistically significant degradation is found in short-range forecasts in the southern 498 

hemisphere for TESTP.  499 

 500 

A comparison of Figs. 8 and 10 shows that positive impacts are smaller for the August 501 

experiment than for the January experiment. This is likely attributable to the lower quality of 502 

DWL wind retrievals, as shown in Fig. 3 that shows the variance of PT departure is slightly 503 

larger on 2 August even for QC-passed data. This suggests that additional QCs may be 504 

necessary to better filter out low-quality DWL data. Furthermore, to investigate degradation 505 

in some regions for the August experiment, we examined the sensitivity of the improvement 506 

or degradation to the observation error assigned. An additional experiment with 507 

polar-orbiting DWL for the August experiment, called TESTP2, in which January experiment 508 

observation errors were assigned, was carried out. The relative forecast error reduction for 509 

Fig. 10 

Fig. 11 
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TESTP2, displayed in Fig. 11, shows that the degradations is still seen in short-range 510 

forecasts in the southern hemisphere, but it is not statistically significant. Despite this 511 

favorable change, the impact is negative in the northern hemisphere. The result of this 512 

additional experiment suggests high sensitivity of forecast impacts to observation error 513 

assignment. Also, it indicates the possibility of using more appropriate error setting to 514 

improve forecasts, but difficulty in achieving global improvement. 515 

 516 

Figure 12 shows the relative forecast error reduction in temperature for TESTP and 517 

TESTT for the January and August experiments. A degradation is seen in upper 518 

troposphere in the tropics for the August experiment. However, like the zonal wind 519 

verification, positive impacts are dominant in wide layers and regions and broad forecast 520 

ranges. In particular, statistically significant improvements are found in the short-range 521 

forecasts in the tropics for all experiments. They are also evident at day 2 and 3 in the 522 

southern hemisphere for the August experiment. This encouraging result means that 523 

assimilating DWL wind observations improves forecasts for not only wind fields but also 524 

mass fields. This is consistent with many previous studies.  525 

 526 

To give higher confidence to the results described above, we added verification of the 527 

forecast error against the European Centre for Medium-Range Weather Forecasts 528 

(ECMWF) ERA-Interim reanalysis (Dee et al. 2011), instead of PT. It is reasonable to use 529 

Fig. 12 
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ERA-Interim for this purpose because ERA-Interim is independent from PT and is 530 

sufficiently accurate for verification in that it is created using a state-of-art data assimilation 531 

system and assimilates massive observations at ECMWF. The relative forecast error 532 

reduction based on ERA-Interim shows a generally consistent pattern with the one based 533 

on PT although the magnitude of impacts is a little smaller (not shown). For example, the 534 

degradation in zonal wind for TESTP in the August experiment is also seen in ERA-Interim 535 

verification, but the statistical significance disappears. Thus, we can have confidence in the 536 

results described above, although the detailed quantitative discussion of impacts may 537 

require further investigations. 538 

 539 

Figure 13 compares the mean position error for up to 18 cases of five TCs over the west 540 

Pacific Ocean in the August experiment. Adding DWL data slightly reduces position errors 541 

for a forecast range beyond 48-h for both TESTP and TESTT. The magnitude of 542 

improvements is similar for TESTP and TESTT. It is noted that, however, the results are 543 

statistically significant only with 60- and 66-h forecasts (not shown) owing to the limited 544 

sample number because the forecast is run once a day for a one month period. Also, 545 

assimilating TC bogus can be partially responsible for the small difference among all 546 

experiments. Figure 14 demonstrates an example of TC track forecast up to 84-h initialized 547 

at 12 UTC 8 August for TC Dianmu (2010). A small but constant improvement is found for 548 

both TESTP and TESTT. 549 

Fig. 13 

Fig. 14 
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 550 

We compared impacts between TESTP and TESTT, which is one of the motivations of 551 

this study. Figure 15 shows the relative forecast error reduction for zonal wind between 552 

TESTT and TESTP. A positive value indicates that TESTT is better than TESTP. Most 553 

interesting is that TESTT is superior to TESTP up to day 2 but inferior beyond day 2 in the 554 

tropics for both the January and August experiments. One possible explanation for this 555 

rapid change of superiority or inferiority is an insufficiently accurate initial state in the tropics 556 

due to, for example, difficulty in constructing an appropriate background error covariance in 557 

the tropics in a data assimilation system. This can make it more difficult to retain forecast 558 

skill for long forecast hours in the tropics than in mid-latitudes (Riishojgaard et al. 2012; Ma 559 

et al. 2015). As DWL covers the low latitude alone in TESTT, the limitation of forecast skill in 560 

the short-range should be more apparent in TESTT than in TESTP. Another possible 561 

explanation for the rapid change is the inadequacy of PT. Owing to slow error growth in the 562 

tropics (Kalnay 2003), PT may not be able to capture errors that grow far beyond when 563 

error norm is computed for the sensitivity structure at 27-h forecast. Furthermore, the 564 

assumption of linear error growth PT underlies may be valid only for short-range forecasts 565 

in the tropics. On the other hand, in the extra-tropics, rapidly and linearly growing errors are 566 

more likely to occur, which can be better captured by PT. These PT characteristics can lead 567 

to forecast skills that vary for different periods in TESTT and TESTP. Note that this can 568 

depend on the way PT is constructed: Marseille et al. (2008c) demonstrates that PT 569 

Fig. 15 
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interactively updated at every assimilation cycle could produce better forecasts than PT 570 

generated on the offline basis as done in this study. Further investigation is needed to verify 571 

these two explanations (deficiency in data assimilation and inadequacy of PT). Besides the 572 

rapid change in the tropics, TESTT is better in the southern hemisphere throughout the 573 

forecast range for the August experiment (Fig. 13f), reflecting the degradation in TESTP for 574 

the August experiment in Fig. 9. Impacts in the northern hemisphere are unclear. From 575 

these mixed results and the fact that there is room to improve preprocessing (QC and 576 

observation errors), a firm conclusion on whether TESTT or TESTP are superior cannot be 577 

made at this stage of the study. 578 

 579 

  Finally, we carried out three additional experiments (TESTmp, TESTqc, and TESToe) to 580 

evaluate fundamental performance of our SOSE-OSSE setup (Table 2). First, we examined 581 

the maximum potential improvement by using hourly PT field of all variables at every grid as 582 

initial condition. The intention of this experiment (TESTmp) is to evaluate the maximum 583 

limitation of our experimental setup of SOSE-OSSE. Fig 16 (a) shows the global average of 584 

the relative forecast error reduction for zonal wind in August experiment. Significant 585 

improvements (for example 15 % at 12-h and 5 % at 2 day) are achieved with the forecasts 586 

initialized by PT field and extends to day 5 with statistical significance. As Ishibashi (2014) 587 

also shows, this confirms that the PT field can substantially reduce forecast errors even at 588 

day 5, suggesting that the results in SOSE-OSSE are reliable until at least day 5. Fig. 16b 589 

Fig. 16 
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shows much poorer forecast skills in TESTP than TESTmp because DWL assimilation in 590 

TESTP only exploits merely wind component of PT in the limited spatial and temporal 591 

coverage.  592 

 593 

Secondly, we implemented two experiments (TESTqc and TESToe) to assess essential 594 

impacts of QC and observation error setup. In TESTqc, we almost deactivated the QC 595 

described in Section 2.4b by setting threshold of 1.e-6 for SNR-QC and 5.0 m s-1 596 

irrespective of altitude for gross error QC. These new QC thresholds allowed more data 597 

assimilated (on average 2.2 times more) at the cost of lower quality. In TESToe, we set 598 

observation errors of DWLs to those assigned to radiosonde in the LOS direction without 599 

inflation, instead of those defined in section 2.4c. The radiosonde observation errors varied 600 

from 2.3 m s-1 at 1000 hPa to 3.1 m s-1 at 100 hPa for both the zonal and meridional 601 

components but did not have the seasonal and spatial dependency. The global average of 602 

the relative forecast error reductions in August experiment for TESTqc (Fig.16c) and 603 

TESToe (Fig.16d) show significant degradation: the degradation in TESTqc is evident for 604 

whole the forecast range up to day 5 in almost all the layers. Although impacts in TESToe 605 

become neutral after day 3, the degradation of 2 to 3 % is found at day 1 and 2 with 606 

statistical significance. These two experiments again confirm the crucial importance of 607 

adequate QC and observation error assignment. It is interesting that assimilating low 608 

quality DWL observations in TESTqc brought longer retention of the degradation than 609 
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assigning inadequate observation errors in TESToe, which will be topic of future study.  610 

 611 

 612 

4. Summary and conclusion 613 

This study aims to develop an OSSE system and to assess the impact of space-borne 614 

coherent DWLs. As an input for a lidar simulation, global hourly pseudo-truth (PT) 615 

atmospheric fields were created based on a SOSE approach, which allowed us to use 616 

existing observations instead of simulating them as in the NR-OSSE approach. A global, 617 

hourly aerosol field was generated using a global chemical transport model, MASINGAR 618 

that was constrained by PT wind fields. An extensive lidar simulator ISOSIM-L, calculated 619 

realistic LOS wind speeds and their quality information (N1/2SNR and measurement errors), 620 

which were highly dependent on aerosol and cloud distributions. A global data assimilation 621 

system with a 4D-Var method operationally employed as of 2010 was extended to treat 622 

DWL LOS winds. A preprocessor for DWL in the data assimilation system picked up 623 

observations with high N1/2SNR and small first-guess departure, and assigned observation 624 

errors as a function of the measurement errors estimated in ISOSIM-L.  625 

 626 

Cycle assimilation experiments were conducted in January and August 2010 to assess 627 

the impacts of DWLs onboard polar- and tropical-orbiting satellites. The assimilation of 628 

DWL LOS winds onboard either polar- or tropical-orbiting satellites showed generally 629 
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positive impacts on wind and temperature forecasts. This was especially evident for the 630 

January experiment. For track forecasts of TCs, DWL impact was positive but small, 631 

partinally due to the TC bogus, in both polar and tropical DWL experiments. We were not 632 

able to draw a clear conclusion on the relative merits of polar- or tropical-orbiting satellites 633 

because of the complicated structure of relative forecast error reduction, which may 634 

suggest possible problems in the data assimilation system and SOSE-OSSE in the tropics 635 

in our study.  636 

 637 

This study developed new preprocessing methods (QC and observation error 638 

assignment) that took into account observation quality information estimated by the lidar 639 

simulator. The preprocessing methods successfully brought positive impacts from DWL 640 

assimilation, but still need additional consideration to improve them. For example, as 641 

suggested in section 2, it could be better to set smaller observation error inflation where 642 

existing observations are sparse. Another interesting finding of this study is the impact 643 

difference between January and August. The seasonal difference in impacts is often seen 644 

for observation system experiments with actual observations and has plenty of factors, 645 

such as the dependence of observation quality and model performance on atmospheric 646 

conditions. Thus, careful development of preprocessing methods is necessary to deal with 647 

various atmospheric conditions and avoid overtuning for particular atmospheric cases.  648 

 649 
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Moreover, probably there are errors that actual DWL observations have but ISOSIM-L 650 

does not take into account. For example, Sun et al. (2014) estimated height assignment 651 

errors due to vertical wind shear. Marseille et al. (2010) pointed out that vertical wind 652 

component can be generally negligible, as we assume in Eq. (1), but its contribution can be 653 

locally significant. Our simple estimate with a global atmospheric field at a certain day 654 

suggested that taking the vertical component into account can make at most 15 % 655 

difference in retrieving LOS winds for small horizontal wind and relatively large vertical wind. 656 

Probably we can treat this issue by increasing observation errors when the relatively large 657 

vertical motion may be anticipated based on background atmospheric field conditions. 658 

 659 

   We are planning to implement OSSE with various observation configurations, such as 660 

DWL coverage and resolution. For example, it will be interesting to assess the impact of 661 

denser DWL observations and compare it with TESTs and TESTmp experiments. In 662 

addition, to clarify what exactly causes seasonal difference in quality of DWL simulation and 663 

forecast impacts, additional experiments in different years and months are necessary. 664 

These experiments will help us distinguish between the seasonal difference and monthly 665 

variability. Finally, we emphasize the investigation of the complementarity between DWL 666 

and AMV. Although AMVs have a wide coverage and frequent updates, DWL is capable of 667 

providing accurate and vertically high-resolution measurements (Ishii et al. 2016). High 668 

accuracy in the height assignment, even in the low troposphere day and night, is also an 669 
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advantage for DWL, which is important for predicting severe weather induced by strong 670 

moisture inflow that often happens in Japan. The synergetic use of DWL and AMV will 671 

improve analysis and forecasts of wind fields, for example, by correcting height assignment 672 

error in AMVs. 673 
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Appendix: Acronyms 681 

4D-Var  Four-dimensional variational analysis 682 

AMSR-E Advanced Microwave Scanning Radiometer  683 

AMSU   Advanced Microwave Sounding Unit 684 

AMV  Atmospheric motion vector 685 

DWL  Doppler wind lidar 686 

ECMWF European Centre for Medium-Range Weather Forecasts 687 

ERA  ECMWF Reanalysis 688 

ESA  European Space Agency 689 
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GNSS-RO Global Navigation Satellite System – Radio Occultations  690 

ISOSIM-L Integrated Satellite Observation Simulator for a space-borne coherent 691 

Doppler lidar 692 

JMA  Japan Meteorological Agency 693 

LOS  Line of sight 694 

MASINGAR Model of Aerosol Species IN the Global AtmospheRe 695 

MHS    Microwave Humidity Sounder 696 

NR  Nature run 697 

OSSE  Observing system simulation experiment 698 

PT  Pseudo truth 699 

QC  Quality control 700 

RMSE  Root mean square error 701 

SNR   Signal-to-noise ratio 702 

SOSE  Sensitivity observing system experiment 703 

SSM/I  Special Sensor Microwave/Imager 704 

SSMIS  Special Sensor Microwave Imager/Sounder 705 

SYNOP Report of surface observation from a fixed land station 706 

TC  Tropical cyclone 707 

TMI  TRMM Microwave Imager 708 

TRMM  Tropical Rainfall Measurement Mission 709 
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WMO  World Meteorological Organization 710 
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List of Figures 830 

 831 

Fig. 1. SOSE-OSSE scheme. The upper block is an offline simulation process to produce 832 

pseudo-truth (PT) atmospheric fields, clouds, and aerosols, and then simulate DWL winds 833 

and quality information using a lidar simulator, ISOSIM-L. The lower block is a regular 834 

assimilation process except for adding DWL simulations. 835 

 836 

Fig. 2. DWL distribution simulated at (a, b) the 6th layer (approximately 11.4 km altitude) 837 

and (c, d) the 14th layer (2.7 km) from the polar-orbiting satellite, and (e, f) 6th layer and (g, 838 

h) 14th layer from the tropical-orbiting satellite between 09 and 15 UTC on August 1 2010. 839 

Color indicates the logarithm of N1/2SNR. DWL availability before (after) the QCs is plotted 840 

in the left (right) column. 841 

 842 

Fig. 3. PDF of DWL observation-minus-PT for line-of-sight (LOS) wind speed (m s-1) on (a) 843 

2 January and (b) 2 August, 2010. Thin gray lines and thick black lines show PDFs of all 844 

samples before QC and samples selected by all the QCs, respectively.  845 

 846 

Fig. 4. Monthly-averaged measurement error ISOSIM-L estimates in six latitudinal bands as 847 

a function of altitude. Estimate in January (August) is plotted with dashed (solid) lines.  848 

 849 
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Fig. 5. Zonal mean of observation error of LOS wind (m s-1) assigned for QC-passed data in 850 

the data assimilation system in August 2010.  851 

 852 

Fig. 6. Analysis error difference of zonal wind (m s-1) at (a, c) 250 hPa and (b, d) 700 hPa at 853 

12 UTC on 1 August 2010. The difference is taken between CNTL and DWL assimilation 854 

analyses for (a, b) the polar satellite and (c, d) the tropical satellite. The error is defined as 855 

the difference from PT. Positive impacts or decreasing errors are depicted in yellow-to-red 856 

color. All the analyses employ the same first guess to see the direct impact of DWL 857 

assimilation without an assimilation cycle process.   858 

 859 

Fig. 7. Accumulated number of DWL in 10 hPa pressure bins and 2 degree latitude bins 860 

over one month for (top row) TESTP and (middle row) TESTT experiments. (a, d) All DWLs 861 

before QC, (b, e) DWLs used in assimilation after QC for the January experiments, (c, f) 862 

DWL used for the August experiments. (g, h) As (b, c) but for AMVs used from 863 

geostationary and polar-orbiting satellites.  864 

 865 

Fig. 8. Relative forecast error reduction (%) of zonal wind as a function of forecasts up to 866 

120-h for (upper) TESTP and (lower) TESTT for the January experiments. It is verified 867 

against PT in (a, d) the northern hemisphere (20°N–90°N), (b, e) tropics (20°N–20°S), (c, f) 868 

the southern hemisphere (20°S–90°S). Positive values correspond to forecast improvement 869 
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in TESTs. Contour lines indicate the statistical significance at the 90% and 95% confidence 870 

levels. 871 

 872 

Fig.9. Time sequence of RMSE for zonal wind at (a) 250 hPa and (b) 700 hPa in the tropics 873 

at day 3 for the January experiments. CNTL (black line), TESTP (blue line) and TESTT (red 874 

line) are plotted. 875 

 876 

Fig. 10. As Fig. 8 but for the August experiment 877 

 878 

Fig. 11. As Figs. 10a–10c but for an experiment when using observation error of the 879 

January experiment. 880 

 881 

Fig. 12. As Figs. 8 and 10 but for the temperature. (a–c) TESTP and (d–f) TESTT for the 882 

January experiment, (g–i) TESTP, and (j–l) TESTT for the August experiment are plotted. 883 

 884 

Fig. 13. Mean position error (km) of the center of the tropical cyclones over the Pacific 885 

Ocean in August 2010. The gray line indicates the sample number shown at the right axis.  886 

 887 

Fig. 14. Track forecasts of TC Dianmu (2010) initialized at 12 UTC 8 August. The center 888 

positions at every 6-h forecast up to 84-h are plotted for CNTL (green), TESTP (blue), and 889 
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TESTT (red). Black line indicates the best track at the corresponding time. 890 

 891 

Fig. 15. Relative forecast error reduction (%) of zonal wind speed for TESTT against TESTP. 892 

It is computed for (a–c) the January experiment and (d–f) the August experiment in (a, d) 893 

the northern hemisphere, (b, e) the tropics, and (c, f) the southern hemisphere. A positive 894 

value indicates that TEST has a smaller RMSE than TESTP. 895 

 896 

Fig.16. Global averaged relative forecast error reduction for (a) TESTmp, (b) TESTP, (c) 897 

TESTqc and (d) TESToe expriments. Experiment settings are described in the text. Note 898 

that the maximum forecast range shown is day 7 for TESTmp and day 5 for other 899 

experiments. 900 
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 904 

Table 1. The monthly-averaged numbers for data that fail each QC and pass all QC in a 905 

single assimilation cycle in August. The percentage is computed by dividing by all numbers.  906 

 All reject use 

Anomalous 

QC 

SNR-QC Gross error 

QC 

Polar satellite 

63,803 

(100%) 

6,728 

(10.55%) 

39,759 

(62.31%) 

8,362 

(13.11%) 

8,954 

(14.03%) 

Tropical satellite 

63,819 

(100%) 

6,735 

(10.55%) 

39,629 

(62.10%) 

7,344 

(11.51%) 

10,111 

(15.84%) 

 907 

908 
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Table 2. A list of assimilation experiments. 909 

Experiment Description Assimilated obs 

DWL Others 

CNTL No DWL assimilated NO YES 

TESTP Assimilate DWL on the polar satellite YES YES 

TESTT Assimilate DWL on the tropical satellite YES YES 

TESTP2 

The same as TESTP except for assigning DWL 

observation errors in different season 

YES YES 

TESTmp 

Initialized by PT field to examine the maximum potential 

impact of SOSE-OSSE 

N/A N/A 

TESTqc Assimilate DWL but deactivate most of the QC YES YES 

TESToe Assimilate DWL with observation errors of radiosondes YES YES 

910 
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Fig. 1. SOSE-OSSE scheme. The upper block is an offline simulation process to produce 911 

pseudo-truth (PT) atmospheric fields, clouds, and aerosols, and then simulate DWL winds 912 

and quality information using a lidar simulator, ISOSIM-L. The lower block is a regular 913 

assimilation process except for adding DWL simulations. 914 
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  916 

Fig. 2. DWL distribution simulated at (a, b) the 6th layer (approximately 11.4 km altitude) 917 

and (c, d) the 14th layer (2.7 km) from the polar-orbiting satellite, and (e, f) 6th layer and (g, 918 

h) 14th layer from the tropical-orbiting satellite between 09 and 15 UTC on August 1 2010. 919 

Color indicates the logarithm of N1/2SNR. DWL availability before (after) the QCs is plotted 920 

in the left (right) column. 921 

922 



 50 

 923 

Fig. 3. PDF of DWL observation-minus-PT for line-of-sight (LOS) wind speed (m s-1) on (a) 924 

2 January and (b) 2 August, 2010. Thin gray lines and thick black lines show PDFs of all 925 

samples before QC and samples selected by all the QCs, respectively.  926 

927 



 51 

 928 

Fig. 4. Monthly-averaged measurement error ISOSIM-L estimates in six latitudinal bands as 929 

a function of altitude. Estimate in January (August) is plotted with dashed (solid) lines.  930 

931 
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 932 

Fig. 5. Zonal mean of observation error of LOS wind (m s-1) assigned for QC-passed data in 933 

the data assimilation system in August 2010. 934 

935 
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 936 

Fig. 6. Analysis error difference of zonal wind (m s-1) at (a, c) 250 hPa and (b, d) 700 hPa at 937 

12 UTC on 1 August 2010. The difference is taken between CNTL and DWL assimilation 938 

analyses for (a, b) the polar satellite and (c, d) the tropical satellite. The error is defined as 939 

the difference from PT. Positive impacts or decreasing errors are depicted in yellow-to-red 940 

color. All the analyses employ the same first guess to see the direct impact of DWL 941 

assimilation without an assimilation cycle process.  942 
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 943 

Fig. 7. Accumulated number of DWL in 10 hPa pressure bins and 2 degree latitude bins 944 

over one month for (top row) TESTP and (middle row) TESTT experiments. (a, d) All DWLs 945 

before QC, (b, e) DWLs used in assimilation after QC for the January experiments, (c, f) 946 

DWL used for the August experiments. (g, h) As (b, c) but for AMVs used from 947 

geostationary and polar-orbiting satellites.  948 

949 
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 Fig. 8. Relative forecast error reduction (%) of zonal wind as a function of forecasts up to 950 

120-h for (upper) TESTP and (lower) TESTT for the January experiments. It is verified 951 

against PT in (a, d) the northern hemisphere (20°N–90°N), (b, e) tropics (20°N–20°S), (c, f) 952 

the southern hemisphere (20°S–90°S). Positive values correspond to forecast improvement 953 

in TESTs. Contour lines indicate the statistical significance at the 90% and 95% confidence 954 

levels. 955 

956 

(a) TESTP in NH (b) TESTP in TR (c) TESTP in SH

(d) TESTT in NH (e) TESTT in TR (f) TESTT in SH

 



 56 

Fig.9. Time sequence of RMSE for zonal wind at (a) 250 hPa and (b) 700 hPa in the tropics 957 

at day 3 for the January experiments. CNTL (black line), TESTP (blue line) and TESTT (red 958 

line) are plotted.  959 

960 

(a) U250 TP 72-h

(b) U700 TP 72-h
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Fig. 10. As Fig. 8 but for the August experiment 961 

962 

(a) TESTP in NH (b) TESTP in TR (c) TESTP in SH

(d) TESTT in NH (e) TESTT in TR (f) TESTT in SH

 



 58 

Fig. 11. As Figs. 10a–10c but for an experiment when using observation error of the 963 

January experiment. 964 

965 

(a) TESTP2 in NH (b) TESTP2 in TR (c) TESTP2 in SH
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Fig. 12. As Figs. 8 and 10 but for the temperature. (a–c) TESTP and (d–f) TESTT for the 966 

January experiment, (g–i) TESTP, and (j–l) TESTT for the August experiment. 967 

968 

(a) TESTP in NH (b) TESTP in TR (c) TESTP in SH

(d) TESTT in NH (e) TESTT in TR (f) TESTT in SH

(g) TESTP in NH (h) TESTP in TR (i) TESTP in SH

(j) TESTT in NH (k) TESTT in TR (l) TESTT in SH
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 969 

Fig. 13. Mean position error (km) of the center of the tropical cyclones over the Pacific 970 

Ocean in August 2010. The gray line indicates the sample number shown at the right axis.  971 

972 
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 973 

Fig. 14. Track forecasts of TC Dianmu (2010) initialized at 12 UTC 8 August. The center 974 

positions at every 6-h forecast up to 84-h are plotted for CNTL (green), TESTP (blue), and 975 

TESTT (red). Black line indicates the best track at the corresponding time.  976 

977 



 62 

Fig. 15. Relative forecast error reduction (%) of zonal wind speed for TESTT against TESTP. 978 

It is computed for (a–c) the January experiment and (d–f) the August experiment in (a, d) 979 

the northern hemisphere, (b, e) the tropics, and (c, f) the southern hemisphere. A positive 980 

value indicates that TEST has a smaller RMSE than TESTP. 981 

982 

(a) NH for January exp (b) TR for January exp (c) SH for January exp

(d) NH for August exp (e) TR for August exp (f) SH for August exp
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 Fig.16. Global averaged relative forecast error reduction for (a) TESTmp, (b) TESTP, (c) 983 

TESTqc and (d) TESToe expriments. Experiment settings are described in the text. Note 984 

that the maximum forecast range shown is day 7 for TESTmp and day 5 for other 985 

experiments.  986 

(a) TESTmp in GL August (b) TESTP in GL August

(d) TESToe in GL August (c) TESTqc in GL August

 


