
 1 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     1 

 2 

 3 

AMSR2 all-sky radiance assimilation and its impact on the 4 

analysis and forecast of Hurricane Sandy with a limited-area data 5 

assimilation system 6 

Chun Yang1,2,4, Zhiquan Liu2*, Jamie Bresch2, Syed R. H. Rizvi2, 7 

Xiang-Yu Huang3, and Jinzhong Min1,4 8 

 9 

1Collaborative Innovation Center on Forecast and Evaluation of Meteorological 10 

Disasters, Nanjing University of Information Science & Technology, Nanjing, China 11 

2National Center for Atmospheric Research, Boulder, Colorado 12 

3Centre for Climate Research Singapore, Singapore 13 

4Key Laboratory of Meteorological Disaster of Ministry of Education, Nanjing 14 

University of Information Science & Technology, Nanjing, China 15 

Revised May 6, 2016 16 

 17 

 18 

                                                 
* Corresponding author address: Dr. Zhiquan Liu, National Center for Atmospheric Research, 
P.O. Box 3000, Boulder, CO 80307. E-mail: liuz@ucar.edu. 



 2 

Abstract 19 

A method to assimilate all-sky radiances from the Advanced Microwave Scanning 20 

Radiometer 2 (AMSR2) was developed within the Weather Research and Forecasting 21 

(WRF) model’s data assimilation (WRFDA) system. The four essential elements are: 22 

1) extending the community radiative transform model’s (CRTM) interface to include 23 

hydrometeor profiles; 2) using total water Qt as the moisture control variable; 3) using 24 

a warm-rain physics scheme for partitioning the Qt increment into individual 25 

increments of water vapor, cloud liquid water and rain; 4) adopting a symmetric 26 

observation error model for all-sky radiance assimilation. 27 

Compared to a benchmark experiment with no AMSR2 data, the impact of 28 

assimilating clear-sky or all-sky AMSR2 radiances on the analysis and forecast of 29 

Hurricane Sandy (2012) was assessed through analysis/forecast cycling experiments 30 

using WRF and WRFDA’s three-dimensional variational (3DVAR) data assimilation 31 

scheme. With more cloud/precipitation-affected data being assimilated around 32 

tropical cyclone (TC) core areas in the all-sky AMSR2 assimilation experiment, better 33 

analyses were obtained in terms of the TC’s central sea level pressure (CSLP), 34 

warm-core structure, and cloud distribution. Substantial (>20%) error reduction in 35 

track and CSLP forecasts was achieved from both clear-sky and all-sky AMSR2 36 

assimilation experiments, and this improvement was consistent from the analysis time 37 

to 72-h forecasts. Moreover, the all-sky assimilation experiment consistently yielded 38 

better track and CSLP forecasts than the clear-sky did for all forecast lead times, due 39 

to a better analysis in the TC core areas. Positive forecast impact from assimilating 40 

AMSR2 radiances is also seen when verified against the European Center for 41 

Medium-Range Weather Forecasts (ECMWF) analysis and the Stage IV precipitation 42 



 3 

analysis, with an overall larger positive impact from the all-sky assimilation 43 

experiment. 44 

Key words: AMSR2, all-sky assimilation, symmetric error model, WRFDA, 3D-Var 45 
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1. Introduction 46 

In most global numerical weather prediction (NWP) systems, satellite observations 47 

provide 90–95% of the actively assimilated data (Bauer et al., 2010). However, over 48 

75% of satellite observations are removed or corrected as a source of noise due to the 49 

effects of clouds and precipitation. This is not because these satellite radiance 50 

observations are not important, but because they are difficult to use. Regarding 51 

satellite observations, the cloud- and precipitation-affected areas are less well 52 

represented because it is difficult to separate the information on the main observables, 53 

such as temperature and moisture, from cloud and precipitation effects (Bauer et al., 54 

2011). In a numerical model, the limited accuracy of moist-physics parameterizations 55 

and the need to model radiative transfer through clouds and precipitation are two 56 

major problems for dealing with the cloud-affected data (Bauer et al., 2010). The 57 

challenges for assimilating cloud- and precipitation-affected satellite data also include 58 

the complex and non-Gaussian error statistics, and a mismatch in the spatial 59 

resolution of observations and models (Okamoto, 2013). Previous studies indicated 60 

that cloudy areas coincide with areas where uncertainties in the initial conditions can 61 

produce large forecast error growth (McNally, 2002). The presence of cloud and 62 

precipitation usually indicates that some dynamically important weather is occurring, 63 

and the subsequent forecasts are often sensitive to initial conditions in regions with 64 

cloud and precipitation (Kim et al., 2008). So ignoring cloud-affected regions may 65 

overlook some meteorologically very important areas.  66 

With the development of models, physics schemes and data assimilation methods, 67 

several operational centers, such as the National Centers for Environmental Prediction 68 

(NCEP), European Center for Medium-Range Weather Forecasts (ECMWF), Met 69 

Office, Japan Meteorological Agency (JMA), Météo-France and Environment Canada 70 
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have made progress in assimilating cloud- and precipitation-affected infrared 71 

radiances (Greenwald et al., 2002; Pavelin et al., 2008; Heilliette and Garand, 2007; 72 

McNally, 2009; Pangaud et al., 2009; Heilliette, 2010; Guidard et al.,2011; Lupu and 73 

McNally, 2012; Okamoto, 2013) and microwave radiances (Bauer et al., 2010; Geer 74 

et al., 2010; Geer and Bauer, 2010, 2011; Zhu et al., 2013) in global systems, based 75 

on variational approaches.  76 

In their regional modeling systems, however, most operational centers actually 77 

assimilate ground-based rainfall observations and/or radar reflectivity, in addition to 78 

selected cloud products derived from satellite observations (Bauer et al., 2011). For 79 

example, regional models at the Met Office assimilate cloud fraction diagnosed from 80 

Meteosat Spinning Enhanced Visible and Infrared Imager (SEVIRI) imagery (Taylor 81 

et al. 2008; Renshaw and Francis, 2011) and rainfall data derived from radar 82 

observations by using latent heat nudging (Macpherson, 2001) through 83 

three-dimensional variational (3D-Var) or four-dimensional variational (4D-Var) data 84 

assimilation. At JMA, hourly precipitation data derived from ground-based radar 85 

observations is assimilated into a regional model using 4D-Var (Tsuyuki et al., 2002). 86 

For the same regional model, total column water vapor derived from microwave 87 

imager data is assimilated in clear-sky conditions, while derived precipitation is 88 

utilized in rainy conditions (Bauer et al., 2011; Kazumori, 2014). It was found that the 89 

assimilation of microwave imager retrievals produces realistic atmospheric moisture 90 

fields that lead to better rainfall forecasts (Tauchi et al., 2004). Nevertheless, Moreau 91 

et al. (2004) and Bauer et al. (2006a) have suggested that for global models it is 92 

preferable to assimilate microwave radiances rather than derived rain rates. In this 93 

study, the effect of directly assimilating cloud- and precipitation-affected satellite 94 

radiance data in a limited area will be evaluated with microwave imager data from a 95 
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newer generation instrument.  96 

As an indispensable part of the global Earth Observing System (EOS), microwave 97 

radiometers, such as the Special Sensor Microwave Imager Sounder (SSMIS) onboard 98 

the Defense Meteorological Satellite Program (DMSP) satellites (Kunkee et al., 2008, 99 

Bell et al., 2008), the Tropical Rainfall Measuring Mission (TRMM) Microwave 100 

Imager (TMI) (Kummerow et al., 1998), and the Aqua Advanced Microwave 101 

Scanning Radiometer for EOS (AMSR-E) (Kawanishi et al., 2003), can provide 102 

observational data related to various phases of water, such as water vapor, cloud 103 

liquid water, ice and snow. The observations from the microwave radiometers have 104 

been applied for cloud, water vapor and precipitation retrievals (Sun et al., 2011; 105 

Weng and Grody, 2000), and also directly used in global data assimilation (Bauer et 106 

al, 2011). It has been demonstrated that the assimilation of microwave radiometer 107 

observations can improve humidity, cloud and precipitation analyses, as well as the 108 

forecasts for those fields (Kazumori and Egawa, 2014, Kazumori et al., 2014, 109 

Kazumori et al., 2008, Geer and Bauer, 2010; Tauchi et al., 2004). 110 

The Japan Aerospace Exploration Agency (JAXA) has conducted the Global Change 111 

Observation Mission (GCOM) for continued global meteorological and 112 

environmental monitoring (Imaoka et al., 2010). GCOM-W is one series of satellites 113 

for observing the water cycles. The first satellite for this series (GCOM-W1) was 114 

launched on 18 May 2012. The Advanced Microwave Scanning Radiometer 2 115 

(AMSR2) onboard GCOM-W1, which has 14 channels at 7 frequencies with 116 

horizontal and vertical polarizations, is the successor of AMSR-E. ECMWF has used 117 

AMSR2 all-sky radiance observations in their global system (Kazumori et al., 2014), 118 

resulting in improved analyses and forecasts, especially in the humidity field. As 119 

described above, only clear-sky radiances were used in JMA’s global NWP system 120 



 7 

and retrieved precipitation data were assimilated in JMA’s regional system (Kazumori 121 

and Egawa, 2014). However, the data quality and benefits of AMSR2 radiance in 122 

regional data assimilation have not yet been investigated with an all-sky radiance 123 

assimilation scheme. 124 

In this study, as the first attempt to assimilate AMSR2 radiances in the Weather 125 

Research and Forecasting (WRF) model’s data assimilation (WRFDA) system 126 

(Barker et al., 2012), the impact of assimilating clear-sky and all-sky AMSR2 127 

radiance will be evaluated for Hurricane Sandy’s analyses and forecasts. The rest of 128 

this paper is organized as follows. In section 2, we provide a brief introduction to the 129 

WRFDA system and AMSR2 radiance data. The methods of bias correction, quality 130 

control and observation error will be discussed in Section 3. Section 4 gives the 131 

experimental settings. Results are presented in Section 5 before concluding in Section 132 

6. 133 

2. WRFDA and AMSR2 data 134 

2.1 WRFDA and radiance data assimilation 135 

The WRFDA system was developed by the National Center for Atmospheric 136 

Research (NCAR). It includes 3DVAR, 4DVAR and Hybrid DA components for both 137 

research and operational applications (Barker et al., 2012). The 3DVAR scheme 138 

employed in this study can provide an improved estimate of the atmospheric state 139 

through the iterative minimization of a prescribed cost function 140 

,      (1) 141 

where  is the atmospheric state vector,  the background state, H the nonlinear 142 

observation operator, and y the observation vector. B and R are the background and 143 

observation error covariance matrices, respectively. The so-called “NMC method” 144 
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(Parrish and Derber, 1992) was used to obtain background error covariance statistics 145 

for five control variables: stream-function (ψ), unbalanced velocity potential (χu), 146 

unbalanced temperature (Tu), unbalanced surface pressure (Ps,u), and pseudo relative 147 

humidity (RHs) (Dee and da Silva 2010) for control and clear-sky radiance 148 

assimilation experiments. There is no cross-correlation taken into account between 149 

RHs and other variables. For all-sky radiance assimilation, the humidity control 150 

variable will be changed to total water control variable Qt, which will be discussed 151 

later in this section.  152 

The WRFDA system can assimilate a variety of observations including satellite 153 

radiance data. A unique feature of WRFDA radiance assimilation is that it interfaces 154 

to the two most widely used fast Radiative Transfer Models (RTMs): Radiative 155 

Transfer for Television Infrared Observation Satellite Operational Vertical Sounder 156 

(RTTOV) developed and maintained by the European Organization for the 157 

Exploitation of Meteorological Satellites (EUMETSAT), and the Community 158 

Radiative Transfer Model (CRTM) (Weng, 2007) developed by the U.S. Joint Center 159 

for Satellite Data Assimilation (JCSDA) (Han et al. 2006). In this study, CRTM-2.1.3 160 

was used as the radiance observation operator. Radiance data from a number of 161 

satellite sensors such as those listed in Barker et al. (2012) can be assimilated in 162 

WRFDA. However, radiance DA was initially implemented in WRFDA only under 163 

clear-sky conditions (Liu and Barker, 2006). 164 

Liu et al. (2009) extended WRFDA from clear-sky radiance DA to all-sky radiance 165 

DA by 1) extending the CRTM interface to include hydrometeor profiles (cloud liquid 166 

water, cloud ice, rain, snow, graupel, hail) in the input; 2) using total water control 167 

variable Qt (sum of water vapor, cloud liquid water and rain) as the moisture control 168 

variable; 3) using tangent linear (TL) and adjoint (AD) models of a warm-rain physics 169 
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scheme (Dudhia, 1989) for partitioning the Qt increment into individual increments of 170 

water vapor, cloud liquid water and rain. The warm-rain physical parameterization 171 

constrains the relation among rainwater, cloud water, moisture, and temperature (Xiao 172 

et al., 2007). A similar scheme (using the Qt control variable and the warm-rain 173 

physical constraint) has also been used for assimilating radar reflectivity using the 174 

fifth-generation Penn State/NCAR mesoscale model 3D-Var system (MM5-3DVAR, 175 

Xiao et al., 2007). While Liu et al. (2009) demonstrated all-sky radiance DA with 176 

simulated SSMIS radiances, this study applied it to real AMSR2 radiances with 177 

improved observation error modeling as detailed in section 3.3. 178 

2.2 AMSR2 data 179 

AMSR2 is a remote sensing instrument for observing microwave radiances emitted 180 

and scattered from the surface and the atmosphere of the earth. It incorporates most of 181 

the characteristics of AMSR-E, which stopped operation on 4 October 2011, but with 182 

several enhancements including a larger main reflector (2.0 m), the addition of 7.3 183 

GHz channels, 12-bit quantization for all channels, and improvements in the 184 

calibration system (Imaoka et al., 2010). It is the only microwave imager in the 185 

A-Train orbit and no other microwave imager in the same orbit is planned. AMSR2 is 186 

a conical scan sensor with a scan angle of 47.5 degrees and each scan covers a width 187 

of about 1450 kilometers on the earth’s surface. This scanning geometry can cover 188 

more than 99 percent of the earth’s surface in two days. 189 

AMSR2 has 14 channels at 7 frequencies with both vertical and horizontal 190 

polarizations (Table 1). Lower frequency channels 1–6 of AMSR2 are more sensitive 191 

to surface emissivity (thus related to ocean surface wind speed). Channels 7 and 8 at 192 

18.7 GHz provide information for ocean rain and surface wind. Channels 9 and 10 at 193 
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23.8 GHz are mainly used to measure atmospheric water vapor. Channels 11 and 12 194 

at 36.5 GHz are for cloud liquid water. Channels 13 and 14 at 89.0 GHz are sensitive 195 

to convective rain areas. In this study, only radiances from channels 5–12 with 196 

frequencies between 10.65 to 36.5 GHz are assimilated. 197 

Calculated from the U.S. Standard Atmosphere, weighting functions of AMSR2 198 

channel 5 to channel 12 with four frequencies are shown in Figure 1, which is 199 

consistent with that shown by Zou (2012) for the same frequencies from FY-3B 200 

MWRI sensor. It can be seen that these imager channels are more transparent to 201 

clear-sky atmosphere with contribution weight peaking at lowest level. 202 

It should be noted that 89.0 GHz data have 486 pixels per scan line and other 203 

frequencies have 243 pixels (Maeda and Imaoka, 2014). In the level-1B raw radiance 204 

dataset, the field of view (“footprint”) size and the location of each frequency’s pixel 205 

differ from one another, and the higher the frequency, the smaller the footprint, as is 206 

noted in Table 1. In this study, the level-1R radiance dataset (Maeda and Imaoka, 207 

2014) is assimilated instead of level-1B data. Pixels of all frequencies are adjusted to 208 

the 89 GHz’s location and the footprint of the “source” frequency is resampled to that 209 

of the “target” frequency with the Backus-Gilbert method (Backus and Gilbert, 1970). 210 

As indicated in Table 2, there are multiple resampled level-1R datasets for each 211 

frequency. Those datasets with the location adjusted to 89 GHz but the footprint kept 212 

the original size (marked by * in Table 2) are chosen for assimilation in this study. 213 

Note that there is no target footprint for 18.7 GHz and we use its resampled data at 214 

23.8 GHz footprint. The corresponding level-2 cloud liquid water path (CLWP) 215 

product is also used in this study for quality control (QC) purpose. 216 

3. Methodology 217 
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3.1 Variational bias correction 218 

Radiances have systematic error (bias) that should be properly corrected before they 219 

are assimilated because the DA scheme assumes no bias in either the observations or 220 

the forecast background (Liu et al., 2012; Kazumori, 2014; Zhu et al., 2013). 221 

Radiance bias is often expressed as a linear combination of a set of predictors , i= 0, 222 

1, 2,…,Np, which leads to the modified forward operator ( ), 223 

,                  (2) 224 

where H(x) represents the radiative transfer model; x is the model state vector; β0 is a 225 

constant component of total bias; and pi and βi are the ith of Np predictors and 226 

corresponding bias-correction coefficients, respectively. The bias-correction 227 

coefficients β are usually assumed to be channel-dependent and can be estimated 228 

offline (Harris and Kelly, 2001) or updated adaptively within a variational 229 

minimization process by including them in the state vector (Derber and Wu, 1998). 230 

The latter method is referred to as variational bias correction (VarBC) (Dee, 2004; 231 

Auligné et.al, 2007). WRFDA’s VarBC implementation includes seven predictors: the 232 

scan position, the square and cube of scan position, 1000–300 and 200–50 hPa layer 233 

thicknesses, surface skin temperature, and total column water vapor. For conical 234 

scanning AMSR2 with a fixed scan angle, the three scan-position-related predictors 235 

are turned off. 236 

Similarly to Liu et al. (2012), we ran WRFDA’s VarBC in an “offline” mode, in 237 

which the background term and all non-radiance observations are excluded, to obtain 238 

the background bias correction coefficients and predictors’ statistics for the first 239 

analysis of the cycling experiment.  240 
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In assimilation cycles, the cost function J to be minimized with respect to the bias 241 

parameters β and model state x becomes 242 

 243 

,     (3) 244 

where βb and Bβ are the background bias correction coefficient vector and the bias 245 

parameter background error covariance, respectively (Auligné et al., 2007).  246 

For every analysis, the bias correction coefficients are updated adaptively during the 247 

minimization of the 3DVAR analysis using the bias coefficients from the previous 248 

cycle’s analysis as the background. For this initial implementation of all-sky radiance 249 

assimilation, there is no different treatment from the clear-sky radiance bias 250 

correction. This may be suboptimal but it works well in practice, as also demonstrated 251 

by Geer and Bauer (2010). 252 

3.2 Quality control 253 

The same general clear-sky radiance QC procedures as described in Liu et al. 2012 254 

are applied to AMSR2 radiance data, including 1) gross check, which removes 255 

observations with brightness temperature (TB) lower than 50 K or higher than 550 K; 256 

2) surface type check, which removes pixels with mixed surface types; 3) departure 257 

check, which removes the observations if the bias-corrected innovation (observation 258 

minus prior) exceeded 3σo, where σo is the observation error standard deviation.  259 

In addition, AMSR2-specific QC procedures applied in this study are listed as follows: 260 

1) data over land are discarded and only water pixels are assimilated; 2) for 10.6 GHz 261 

channels, data are rejected for “sun glint angle” less than 25.0 degrees; 3) the 262 
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observations are not used if the absolute value of bias-corrected innovation exceeds 263 

the prescribed thresholds (Table 3, only for clear-sky QC); 4) data are rejected if the 264 

retrieved level-2 CLWP values are larger than the thresholds listed in Table 3, which 265 

refers to the QC procedures for clear-sky AMSR-E radiance data assimilation 266 

(Kazumori et al., 2008). For all-sky radiance assimilation, the CLWP (step 4) and 267 

absolute innovation checks (step 3) are not applied. 268 

3.3 Observation error modeling 269 

Over the chosen model domain, most AMSR2 data are observed at 0600 UTC and 270 

1800 UTC AMSR2 data over an 11-day experimental period from 0600 UTC 21 271 

October to 1800 UTC 31 October were used for the statistics of observation errors. 272 

The standard deviation of the difference between the observed and the 273 

CRTM-simulated TBs with the NCEP Global Forecast System (GFS) analysis as the 274 

input were obtained for each channel under clear-sky situations. These standard 275 

derivation statistics (Table 4) served as the observation errors in the clear-sky 276 

radiance assimilation experiment. 277 

For the observation errors in all-sky conditions, we followed the “symmetric error 278 

model” proposed by Geer and Bauer (2010, 2011) for microwave imagers. In this 279 

method, the normalized 37GHz polarization difference P37 (Petty and Katsaros, 1990; 280 

Petty, 1994) can be defined as the square of the slant path transmittance τ37 of cloud 281 

and precipitation at this frequency, namely 282 

,                      (4) 283 
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where vT  and hT are the vertically and horizontally polarized 37 GHz TBs from the 284 

observation or background, and v
clrT  and h

clrT  are TBs calculated for the same 285 

background profiles but without hydrometeor input. Then one can define 286 

37 371C P= −                             (5) 287 

as the “cloud” amount and calculate 37
bC  and 37

oC  from the background and 288 

observed TBs, respectively. The “symmetric” or mean cloud amount is defined as 289 

37 37
37 2

b oC CC +
= .                           (6) 290 

The larger values of 37C  indicate agreement between the observation and 291 

background, with heavy rain or cloud in both. 37C =0 means both the observation and 292 

background are of clear sky. The symmetric observation error r is characterized as a 293 

linear function of 37C , as given by 294 

 295 

 r( ) =   (7) 296 

 297 

where rclr and rcld correspond to the observation errors under full clear-sky (defined 298 

with Cclr) or full cloudy (defined with Ccld) conditions, respectively.  299 

For the same 11-day period, the statistics of the mean and standard deviation of the 300 

observed minus the background TBs under all-sky situations are shown in Figure 2 301 

for 23.8 GHz-V channel, with the background TBs computed from the 6-h WRF 302 

forecasts initialized from the GFS analyses. The error statistics are expressed as a 303 

function of 37C , C37
o, and C37

b with a bin size of 0.05. This pattern of statistics is 304 
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very similar to those obtained by Kazumori et al. (2014) from a global data 305 

assimilation system, but with the standard deviation values 1.5–2 times larger at Ccld 306 

(0.45–0.5 bin). This larger error statistics value is likely due to less accurate radiative 307 

transform model for the heavy-precipitating situation during Hurricane Sandy period. 308 

The standard deviations of “cloudy” errors at Ccld (i.e., rcld) for channels used in this 309 

study are given in Table 4. In order to make a fair comparison with the clear-sky 310 

assimilation experiment, we adopted the clear-sky error statistics that applied more 311 

rigorous QC than all-sky error statistics as rclr for Cclr situations (i.e., cloud amount bin 312 

0–0.05), which are also given in Table 4. 313 

4. Experimental setup 314 

Hurricane Sandy (2012) (McNally et al., 2014; Wang et al., 2014, 2015) was selected 315 

to evaluate the impact of AMSR2 radiance assimilation under clear-sky and all-sky 316 

conditions. As shown in Figure 3, Sandy appeared as a low-pressure system in the 317 

southwestern Caribbean Sea at 1800 UTC 21 October and moved slowly toward the 318 

west and southwest. It was defined as a tropical depression at 1200 UTC 22 October 319 

and moved northward. It was identified as a tropical storm 6 hours later at 1800 UTC 320 

22. Sandy grew and intensified to hurricane strength at 1200 UTC 24 October before 321 

its first landfall near Bull Bay, Jamaica and upgraded to a category-3 hurricane with a 322 

maximum surface wind speed (MSWS) of 100 knots and a minimum sea level pressure 323 

(MSLP) of 954 hPa at 0525 UTC 25 October prior to its second landfall at eastern 324 

Cuba. Sandy quickly weakened to tropical storm status after crossing Cuba by 0000 325 

UTC 27 October, but regained hurricane strength by 1200 UTC 27 October. Initially, 326 

Sandy moved northeast until an unusual northwestward turn to the Mid-Atlantic states 327 

at 0000 UTC 29 October and finally made landfall at 0000 UTC 30 October near 328 
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Brigantine, New Jersey. Sandy resulted in 72 deaths, and about $50 billion in damage 329 

(Blake et al., 2013).  330 

To test the assimilation of AMSR2 radiances with WRFDA, we performed cycling 331 

forecast-analysis experiments for the period from 0000 UTC 21 October, 36 hours 332 

before Sandy was declared as a tropical depression, to 0000 UTC 31 October, soon 333 

after Sandy’s final landfall. All experiments employ version 3.5 of the Advanced 334 

Research WRF Model (WRF-ARW, hereafter WRF; Skamarock et al., 2008). In all 335 

experiments, the horizontal grid spacing is 15 km and there are 57 vertical levels with 336 

the model top at 10 hPa. The following physics parameterizations are used: WRF 337 

single-moment 6-class microphysics scheme (WSM6, Hong et al., 2006); the Rapid 338 

Radiative Transfer Model for GCMs (RRTMG; Mlawer et al., 1997; Iacono et al., 339 

2008) shortwave and longwave radiation schemes; the Yonsei University (YSU) 340 

boundary layer scheme (Hong et al., 2006); the Monin-Obukhov surface layer scheme 341 

(Monin and Obukhov, 1954); the unified Noah land-surface model (Chen and Dudhia, 342 

2001) and the Tiedtke cumulus parameterization scheme (Tiedtke, 1989; Zhang et al., 343 

2011). 344 

In the cycling experiments, analyses are generated every 6-h (at 0000, 0600, 1200, and 345 

1800 UTC). The lateral boundary conditions for 6-h forecasts are provided by the 346 

NCEP GFS forecasts. The background in the first analysis at 0000 UTC 21 October is 347 

the 6-h forecast initiated from the GFS analyses at 1800 UTC 20 October 2012. For 348 

the following cycles, the background is 6-h WRF forecast initialized from the 349 

previous cycle’s analysis. Additionally, a 72-h WRF forecast is initialized from each 350 

0000 and 1200 UTC analysis, with lateral boundary conditions also taken from the 351 

appropriate GFS forecasts. Background error (BE) statistics are generated using the 352 

NMC method with the difference between 36-h and 12-h WRF forecasts from 15 June 353 
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to 15 July 2012, four times a day using GFS data as the initial and boundary 354 

conditions. 355 

Three parallel experiments were configured to evaluate the impact of assimilating 356 

AMSR2 radiances with 3DVAR on the forecast of Hurricane Sandy. The first 357 

experiment (hereafter “CON”) assimilated conventional observations from 358 

radiosondes, aircraft, satellite-derived winds, land and oceanic surface stations, and 359 

GPS refractivity observations. The second experiment (hereafter “CLRSKY”) 360 

assimilated all observations from CON plus clear-sky AMSR2 radiances. The raw 361 

radiance data were thinned on a 30-km grid to avoid potential correlations between 362 

adjacent observations (Liu and Rabier 2002). This choice of thinning mesh is smaller 363 

than typical settings in operational global data assimilation systems in consideration 364 

of better resolving TC structure around TC core region with strong gradient (Liu and 365 

Rabier 2003). The third experiment (hereafter “ALLSKY”) is the same as the second 366 

experiment, but using all-sky AMSR2 radiances. In all experiments, the observations 367 

within ± 3-h of the analysis times were assimilated and all observations were assumed 368 

to be valid at the analysis times. Figure 4 shows a snapshot of assimilated 369 

conventional observations over the experimental domain at 1200 UTC 27 October. 370 

Clearly, satellite-derived winds (marked as “satob”) are the major data source over the 371 

Atlantic Ocean.  372 

5. Results   373 

The environmental fields surrounding Sandy were assessed by comparing them to the 374 

ECMWF analysis at about 16 km horizontal resolution and AMSR2 retrieval 375 

products. The TC track and intensity forecast performance from the three experiments 376 
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was evaluated against the National Hurricane Center’s (NHC) best-track data. The 377 

precipitation forecast at landfall was verified with Stage IV analysis data.  378 

5.1 Clear-sky and all-sky radiance simulations 379 

After passing the Bahamas, Sandy turned from a tropical storm to a hurricane at 1200 380 

UTC 27 October. The image from the Moderate-resolution Imaging 381 

Spectroradiometer (MODIS) shows that Sandy had a clear spiraling cloud band, 382 

which stretched from the US southeast coast to the Mid-Atlantic, and asymmetric 383 

convection concentrated on its northwest flank (Figure 5a). Figure 5 also displays the 384 

AMSR2 channel 9 (23.8 GHz-V) observed (Figure 5b) and simulated data for both 385 

the CLRSKY and ALLSKY experiments (Figures 5c and 5d) at 1800 UTC 27 386 

October, when the satellite observations cover most of Hurricane Sandy. The 387 

simulated background is from the 6-h forecast initiated from the previous cycle’s 388 

analysis. Clearly, both observed and simulated radiances can depict the main pattern 389 

of Hurricane Sandy. For the clear-sky simulation, the input to CRTM does not include 390 

cloud variables and thus the CLRSKY experiment simulated TBs (Figure 5c) over the 391 

cloudy and precipitating areas are much smaller than the observed TBs. With the 392 

cloudy CRTM scheme, the simulated TBs have a reasonable match with the 393 

observations (Figure 5d), which is a good basis for all-sky radiance assimilation. 394 

Figure 5 displays the coverage of observations that are rejected in CLRSKY after QC, 395 

but assimilated in ALLSKY. From Figure 6, we can see that 3113 more pixels are 396 

assimilated in ALLSKY than in CLRSKY for this particular analysis time. More 397 

importantly, additional data assimilated in ALLSKY cover the TC core area well, 398 

which allows a better analysis of the TC core structure. The numbers of extra pixels 399 

assimilated in ALLSKY for other AMSR2 channels are listed in Table 5. 400 
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5.2 Impact on analyzed hurricane structure against ECMWF analysis 401 

ECMWF is considered one of the best centers for hurricane forecast (Fiorino, 2009). 402 

Here, the WRFDA analysis fields are verified against ECMWF analysis 403 

(http://rda.ucar.edu/datasets/ds113.0/), which has a similar resolution (16km) to our 404 

experiments. Because Sandy had strengthened to a hurricane and the AMSR2 data 405 

covered most of the hurricane area, we chose the analysis at 1800 UTC 27 October as 406 

the example to estimate the impact of AMSR2 assimilation for analysis.  407 

The fields of surface wind, sea level pressure (SLP), temperature anomaly and 408 

relative humidity from the ECMWF analysis and from the WRFDA analyses of CON, 409 

CLRSKY and ALLSKY at 1800 UTC 27 October are shown in Figure 7, at the 410 

surface level and in vertical cross-sections through the individual vortex centers of 411 

each experiment. The location of MSLP (973 hPa) of the CON experiment (Figure 7b) 412 

is shifted southeastward when compared to the ECMWF analysis (Figure 7a). With 413 

clear-sky radiance assimilation (Figure 7c), the pattern of the TC is more like that of 414 

the ECMWF analysis, even though it has a 1 hPa weaker MSLP (i.e., 974 hPa) than 415 

that of CON. Clearly, the ALLSKY analysis (Figure 7d) is in the closest agreement 416 

with the ECMWF analysis in terms of both the TC’s shape and intensity. The 417 

ALLSKY analysis obtains a MSLP of 971 hPa, but is still weaker than the ECMWF’s 418 

MSLP of 965 hPa. This weaker MSLP for the WRFDA analyses is likely due to the 419 

limitation of the 3DVAR scheme and many fewer satellite observations used than 420 

ECMWF’s operation. 421 

The west-east vertical cross section of horizontal wind speed is plotted in Figures 422 

7e–7h. For all experiments, the analyzed winds show the asymmetric structure, which 423 

can also be seen from MODIS and AMSR2 images (Figures 5a and b). The maximum 424 
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wind speed is on the west side of the low level vortex center in all cases. All 425 

experiments have a smaller maximum wind speed when compared with the 44 m/s of 426 

the ECMWF analysis. The magnitudes of winds near the hurricane center in CON and 427 

CLRSKY experiments are somewhat smaller than those in ALLSKY and ECMWF 428 

analyses, but all show the wind speed tilted westward with height at the upper levels. 429 

It is also noticeable that ALLSKY’s east side wind agrees more closely with the 430 

ECMWF analysis. 431 

Figures 7i–7l show the temperature anomaly in vertical cross-sections. The maximum 432 

of the warm core structure is found near 8.7 km above mean sea level. With the 433 

all-sky radiance assimilation, a stronger warm core is established around 8.7 km 434 

(Figure 7l) compared with the CON and CLRSKY experiments (Figures 7j–k), 435 

although the warm core structure is still weaker than that of the ECMWF analysis 436 

(Figure 7i). Weak warm anomalies are also found on the east side of the storm, where 437 

little rainfall occurred at this time (Zhu et al., 2013). 438 

5.3 Impact on analyzed hurricane structure against AMSR2 product 439 

As mentioned earlier, in this study, the level-1R TBs are assimilated and the 440 

corresponding level-2 CLWP data are used for quality control. The verifications 441 

against AMSR2 level-1R and level-2 products over the hurricane area are plotted in 442 

Figure 8. Figures 8b–8d are the simulated 23.8 GHz-V TBs (with cloudy CRTM) 443 

from three DA experiments’ analyses at 1800 UTC 27 October. Compared with the 444 

observed values (Figure 8a), the analyzed TBs from the CON and CLRSKY 445 

experiments show lower amplitude near the hurricane center, and the northwest 446 

asymmetric spiraling cloud bands are narrower. In contrast, the ALLSKY experiment 447 

obtains analyzed TBs closer to the observed values over the TC center and the 448 
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asymmetric spiraling cloud bands, which resulted from more data assimilated over 449 

these areas. 450 

Figures 8e–8h show CLWP (kg/m2) distribution from the retrieved level-2 AMSR2 451 

product and three experiments’ analyses. At Sandy’s west cloud band, there are many 452 

missing pixels in the level-2 product (Figure 8e), likely due to limitations of the 453 

retrieval algorithm in these heavily precipitating regions. The analyzed CLWP from 454 

ALLSKY (Figure 8h) revealed a stronger and broader heavy precipitating band than 455 

those from the CON (Figure 8f) and CLRSKY (Figure 8g) experiments, which 456 

coincides with the missing area in the level-2 product. Moreover, around the TC 457 

center both the CON and CLRSKY experiments produced a larger area with zero 458 

CLWP values, while ALLSKY obtained more realistic non-zero CLWPs and 459 

apparently agreed more closely with the level-2 CLWP product.  460 

The total precipitable water (TPW, kg/m2) distribution from the level-2 AMSR2 461 

retrieval product and three experiments’ analyses are displayed in Figures 8i-8l. TPW 462 

retrieval product has the same missing data as CLWP product. CON (Figure 8j) 463 

produces a light southward maximum center and smaller TPW in the north part of 464 

hurricane, while larger TPW than retrieval data in the south part. CLRSKY (Figure 8k) 465 

has lager maximum area than CON, but south part is closer to retrieval. In the 466 

northeast part of hurricane, ALLSKY (Figure 8l) shows much clearer spiral pattern 467 

than CON and CLRSKY and agrees more closely to TPW retrieval product.  468 

5.4 Impact on track and intensity forecast 469 

The impact of assimilating the AMSR2 radiance data is further evaluated by 470 

examining the 72-h forecasts launched from each 0000 and 1200 UTC analysis. As an 471 

example, during the 72-h forecast from 1200 UTC 27 October, Hurricane Sandy had 472 
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an unusual northwestward turn toward the Mid-Atlantic states at 0000 UTC 29 473 

October (Figure 9). At the beginning, three experiments have obvious position biases 474 

against the best track data from NHC. After a 12h forecast, CLRSKY and ALLSKY 475 

experiments are similar to the best track. All the experiments predict the unusual turn 476 

around 29 October, but CLRSKY turns earlier at 1800 UTC 28 October while CON 477 

turns at 0000 UTC 29 October but with a smaller angle. ALLSKY turns from 0600 478 

UTC 29 October, but has a closer track after the northwestward turn. It is clear that all 479 

forecasts are slower than the best track after the turn and predict the landfalls 12 hours 480 

later. It may be improved by using vortex relocation (Hsiao et al., 2010) and a 481 

dynamic constraint (Li et al., 2015), which is out of the scope of this study and will be 482 

evaluated in the future.  483 

The mean aggregated errors of track and central sea level pressure (CSLP) of 13 72-h 484 

forecasts from the three experiments are shown in Figure 10, as verified against the 485 

NHC best track data. As expected, the track and CSLP errors of all experiments 486 

increase with the forecast lead time. But with AMSR2 assimilation, a consistent 487 

improvement for all lead times is obtained in the CLRSKY and ALLSKY 488 

experiments. Compared with CON, the largest improvement of track is at the 72-h 489 

forecast time with a 20% (30%) track error reduction for CLRSKY (ALLSKY). For 490 

CSLP, 23% improvement in CLRSKY and 47% improvement in ALLSKY are 491 

maintained almost for all lead times. It is remarkable that the ALLSKY experiment 492 

substantially outperforms the CLRSKY one, resulting from a better analysis of TC 493 

core areas. 494 

5.5 Impacts on temperature, moisture and wind forecasts against ECMWF data 495 
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Verified against the ECMWF analysis over ocean, the aggregated 496 

root-mean-square-error (RMSE) profiles of wind vector, temperature, geopotential 497 

height and moisture forecasts at 48-h and 72-h for all 13 three-day forecasts are 498 

displayed in Figure 11. For the 48-h forecasts, the most pronounced improvement 499 

from AMSR2 radiance assimilation is on the wind field at low-middle levels 500 

(925–500 hPa) for ALLSKY and around the 150 hPa jet level for both CLRSKY and 501 

ALLSKY. Larger forecast impact on wind field by radiance assimilation was also 502 

demonstrated by Liu et al. (2012) for AMSU-A radiance assimilation for Atlantic 503 

hurricanes with an ensemble Kalman filter. The temperature improvement is mostly 504 

in the middle levels (400–200 hPa). ALLSKY has also a clear positive impact on 505 

low-level (925–500 hPa) geopotential height. The impact of assimilating AMSR2 506 

radiances on specific humidity is neutral. Overall, the ALLSKY experiment 507 

outperforms the CLRSKY one. For 72-h forecasts, the improvement resulting from 508 

AMSR2 radiance assimilation becomes larger for all variables except for moisture. 509 

However, the discrepancies between ALLSKY and CLRSKY are reduced. The 510 

impact on moisture remains neutral. We suspect that little impact on moisture forecast 511 

is likely due to univariate feature of humidity analysis in clear-sky radiance 512 

assimilation and sub-optimal multivariate relation between humidity and other 513 

variables due to simplified warm-rain physical scheme used in all-sky radiance 514 

assimilation. More advanced data assimilation schemes such as 4DVAR or hybrid 515 

variational/ensemble approach may improve this and worth to investigate in future 516 

studies. 517 

5.6 Impact on precipitation forecast 518 

Hurricane Sandy made landfall at about 2330 UTC 29 October near Brigantine, New 519 

Jersey, and produced torrential rains. Figure 12 presents the 24-h accumulative 520 
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rainfall between 1200 UTC 29 October and 1200 UTC 30 October from Stage IV 521 

analysis, CON, CLRSKY and ALLSKY forecasts initialized at 1200 UTC 29 October. 522 

The heaviest rainfall is more than 100 mm near Baltimore. All experiments’ forecasts 523 

show a similar pattern to the Stage IV data, but the maximum rainfall locations are 524 

slightly shifted northward, and the maximum rain band is extended in a 525 

southeast–northwest direction. ALLSKY’s maximum rainfall is further northward 526 

when compared to the other two experiments. However, the heavy rainfall (>50 mm) 527 

coverage in CLRSKY and ALLSKY are smaller than that in CON and more 528 

consistent with Stage IV data.  529 

The impact of AMSR2 assimilation on precipitation forecast can be quantitatively 530 

assessed with the threat score (TS) (Junker et al. 1992), defined as 531 

, 532 

where F is the number of forecasts at observation points with precipitation equal to or 533 

exceeding a given threshold, O the number of occurrences in which the observations 534 

meet or exceed the threshold, and H the number of both forecasts and the observations 535 

meet or exceed the threshold. Thus, the TS indicates how accurately a precipitation 536 

threshold is predicted in the model forecasts. From Figure 13, it is seen that CLRSKY 537 

outperforms CON at all precipitation thresholds. For the heavier rainfall threshold 538 

such as 80 mm, CLRSKY produces a 25% TS improvement when compared to CON. 539 

Relative to CLRSKY, ALLSKY also shows comparable or slightly improved TS 540 

except for the largest threshold (100 mm), likely due to the northward rainfall center. 541 

5.7 Sensitivity to channel reduction 542 
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AMSR2 channels 5-8 at lower frequencies (10.65 GHz and 18.7 GHz) are more 543 

sensitive to surface emissivity. An additional experiment (denoted as “CHAN9-12”) 544 

was conducted to see the sensitivity of removing these channels in all-sky experiment. 545 

Figure 14a-14c displays sea level pressure (SLP) overlaid with surface wind, the 546 

west-east cross section of horizontal wind speed, and temperature anomaly from the 547 

new experiment’s analysis at 1800 UTC 27 October 2012. The new experiment 548 

obtains a minimal SLP of 964 hPa, which is very close to 965 hPa from the ECMWF 549 

analysis and much stronger than 971 hPa from the original ALLSKY experiment 550 

(renamed as “CHAN5-12”). The warm-core signal in CHAN9-12 is also stronger than 551 

that in CHAN5-12 and closer to that in ECMWF analysis. The analyzed brightness 552 

temperature, CLWP and TPW at the same time from CHAN9-12 are shown in Figure 553 

14d-14f. Clearer hurricane spiral structures can be seen when compared with those 554 

from CHAN5-12 as shown in Figure 8d, 8h, and 8i and apparently agree more closely 555 

with AMSR2 observations and retrieval products. 556 

72h forecast track error, CSLP error and TS of 24h accumulated precipitation from 557 

1200 UTC 29 October to 1200 UTC 30 October are given in Figure 14g-14i for both 558 

CHAN9-12 and CHAN5-12 experiments. Removing channels 5-8 leads to substantial 559 

improvement on track and CSLP forecasts up to 36-h. Because CHAN9-12 makes 560 

slight southward landfall (not shown), compared with CHAN5-12, the TS for heavy 561 

rain is also improved. These overall positive analysis and forecast impact of removing 562 

channels 5-8 (i.e., negative impact of adding them) may be due to inaccurate 563 

emissivity calculated from the background ocean surface wind, which are more 564 

crucial to assimilate these lower frequency channels. More efforts are needed to 565 

improve emissivity modeling or add surface wind speed as a control variable in order 566 

to better assimilate these channels in the future (e.g., Kazumori et al. 2008).  567 
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6. Conclusions 568 

This study is the first attempt to assimilate AMSR2 radiance data using WRFDA with 569 

the 3DVAR scheme and to evaluate its impact on the analyses and forecasts of 570 

Hurricane Sandy (2012). In particular, procedures for assimilating AMSR2 radiances 571 

in all-sky conditions were developed following Liu et al. (2009). A symmetric 572 

observation error model for AMSR2 all-sky radiance assimilation, in which the 573 

observation errors are characterized as a function of the cloud amount, was 574 

implemented following Geer and Bauer (2011). Moreover, the observation error 575 

statistics were obtained using data during the lifetime of Hurricane Sandy. The 576 

forecast-analysis cycling experiments were conducted using WRF and 577 

WRFDA-3DVAR to evaluate the impact of assimilating clear-sky and all-sky 578 

AMSR2 radiances, comparing to a benchmark experiment without the assimilation of 579 

AMSR2 radiances. Another experiment was performed to study the sensitivity of 580 

removing AMSR2 lower frequency channels 5-8. 581 

With all-sky AMSR2 assimilation, more cloud/precipitation-affected observations 582 

were assimilated around TC core areas. Better hurricane structure, CSLP and cloud 583 

distributions were produced. Significant and consistent error reductions on track and 584 

CSLP were obtained in both the CLRSKY and ALLSKY experiments from analysis 585 

time to 72-h forecasts. Moreover, the ALLSKY experiment brought better track and 586 

CSLP forecast than the CLRSKY did. Verifying against the ECMWF analysis and the 587 

Stage IV precipitation analysis, positive forecast impact from assimilating AMSR2 588 

radiances was achieved, and ALLSKY gained an overall lager improvement. 589 

Furthermore, removing AMSR2 channels 5-8 in all-sky assimilation results in further 590 

overall improvement on analysis and forecast, likely due to inaccurate surface 591 

emissivity calculation based on the background surface wind speed.  592 



 27 

Further improvements could be made for all-sky radiance assimilation in the future. 593 

For example, the all-sky experiment used the same VarBC predictors as in the 594 

clear-sky one in this study. It is desirable to consider cloud/precipitation-related 595 

predictors and/or take into account the systematic errors related to the radiative 596 

transfer model in all-sky assimilation. In addition, other advanced assimilation 597 

method, such as 4DVAR and ensemble-based scheme, could be more effective in 598 

extracting information in cloudy areas through the use of the flow-dependent 599 

background error covariance, and should be explored for all-sky radiance assimilation 600 

in future studies. 601 
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 828 

Table 1. Characterization of AMSR2 channels 829 

Channel Frequency 
(GHz) Polarization Beam Width 

Footprint 
(along scan * along 

track) 
1,2 6.925 V, H  35*61 km 
3,4 7.3 V, H  35*61 km 
5,6 10.65 V, H  24*41 km 
7,8 18.7 V, H  13*22 km 
9,10 23.8 V, H  15*26 km 
11,12 36.5 V, H  7*12 km 
13,14 89.0 V, H  3*5 km 

 830 
 831 

Table 2. Resampled AMSR2 level-1R products. Those marked by * are used. See 832 
section 2.2 for explanation. 833 

• O frequencies primarily undergo processing for center latitude and longitude alignment 834 
• O frequencies primarily undergo spatial resolution conversions 835 

 836 

Table 3. Quality control thresholds for absolute innovation and CLWP check 837 

Frequency (GHz) 10.65 
V   H 

18.7 
V   H 

23.8 
V   H 

36.5 
V   H 

Abs innovation 

(K) 
10   10 6   8 8   10 6   6 

CLWP (kg/m2) 0.35 0.3 0.25 0.10 

 838 

 Target footprint 

6.925 GHz 10.65 GHz 23.8 GHz 36.5 GHz 

 10.65 GHz O O*   

18.7 GHz O O O*  
23.8 GHz O O O*  

36.5 GHz O O O O* 
Source footprint 
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 839 

Table 4. Observation errors for AMSR2 channels assimilated. 840 

Frequency 
(GHz) 

10.6 
V       H 

18.7 
V       H 

23.8 
V        H 

36.5 
V         H 

clr_sky obs 
error (K) 0.87   1.13 1.23   1.74 1.60   2.68 1.18   2.27 

cld_sky obs 
error (K) 21.94   40.92 28.30   57.59 12.69   27.33 23.24   53.35 

 841 

Table 5. The numbers of extra pixels assimilated in the ALLSKY experiment at 1800 842 
UTC 27 October 2012. 843 

Channel 5 6 7 8 9 10 11 12 
Number 
of extra 
pixels 

2742 3015 3323 3460 3113 3214 3179 3570 

 844 

 845 

 846 

 847 
Fig. 1. Weighting functions of AMSR2 channel 5 to channel 12 at 10.65 GHz (red), 848 

18.7 GHz (green), 23.8 GHz (blue) and 36.5 GHz (cyan), calculated using CRTM 849 

based on the U.S. standard atmosphere. 850 
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 851 

 852 

 853 
Fig. 2. Mean (a) and standard deviation (b) of AMSR2 23.8 GHz-V OMB binned as a 854 

function of C37 for data from 0600 UTC 21 October to 1800 UTC 31 October, 2012. 855 

The C37 is derived from the background (green), observation (red) or the average of 856 

the two (blue). Bin size is 0.05 in C37. 857 

 858 

 859 

 860 
Fig. 3. The best track of Sandy from the National Hurricane Center (NHC) from 1800 861 

UTC 21 October to 1200 UTC 31 October 862 
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 863 

 864 
Fig. 4. The distribution of observations used in the CON experiment at 1200 UTC 27 865 

October 2012. The numbers of each observation are marked on the right. 866 

 867 

 868 
Fig. 5. MODIS image of Sandy (a), AMSR2 23.8 GHz-V images at 1800 UTC 27 869 

October within a ±3-h time window from the observed (b), CRTM-simulated 870 
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background brightness temperatures (K) from the CLRSKY experiment with 871 

clear-sky CRTM (c) and the ALLSKY experiment with all-sky CRTM (d). 872 

 873 
Fig. 6. The coverage of AMSR2 channel 9 brightness temperature (K) assimilated 874 

only in the ALLSKY experiment at 1800 UTC 27 October 2012. 875 

 876 

 877 

 878 
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 879 
Fig. 7. (Top row) The surface wind vectors and sea level pressure (color-shaded) at 880 

1800 UTC 27 October from the analyses of ECMWF (a), CON (b), CLRSKY (c) and 881 

ALLSKY (d). Same as the top row, but for the west-east cross-sections of horizontal 882 

wind speed (second row, e–h) and temperature anomaly (third row, i–l) through the 883 

vortex center. The x-axis of (e)–(l) is grid number along the black line in (a). 884 

 885 
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 886 
Fig. 8. The analyzed brightness temperatures (K) of AMSR2 23.8 GHz-V (b–d), 887 

CLWP (kg/m2) (f–h), and TPW (kg/m2) (i-l) from the CON, CLRSKY, and ALLSKY 888 

experiments at 1800 UTC 27 October, compared with the observed brightness 889 

temperatures (a), the level-2 CLWP product (e), and TPW product (i). 890 

 891 

 892 

 893 
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 894 
Fig. 9. The best track (black) and 72-h forecast tracks from the CON (blue), CLRSKY 895 

(red) and ALLSKY (green) experiments started from 1200 UTC 27 October. 896 

 897 

 898 
Fig. 10. Aggregated absolute track errors (a) and mean central sea level pressure 899 

errors (b) as a function of forecast range from three experiments. The error statistics 900 

are obtained from 13 72-h forecasts. 901 

 902 
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 903 
Fig. 11. The aggregated root-mean-square-error of 48-h (a) and 72-h (b) forecasts for 904 

vector wind, temperature, geopotential height, and specific humidity against the 905 

ECMWF analyses. The error statistics are obtained from 13 72-h forecasts. 906 

 907 

 908 
Fig. 12. The 24-h accumulated rainfall (mm) from 1200 UTC 29 to 1200 UTC 30 909 

October 2012 from the Stage IV analysis (a), and the forecast from CON (b), 910 

CLRSKY (c), and ALLSKY (d). All forecasts are initialized at 1200 UTC 29 October 911 

2012. 912 

 913 
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 914 
Fig. 13. The threat scores of 24-h accumulated rainfall from 1200 UTC 29 to 1200 915 

UTC 30 October for the three experiments at 10 mm, 20 mm, 30 mm, 50 mm, 80 mm, 916 

and 100 mm precipitation thresholds.  917 

 918 



 48 

 919 
Fig. 14. The analysis at 1800 UTC 27 October 2012 from the experiment 920 

“CHAN9-12”: (a) the SLP and surface wind, (b) the west-east cross section of 921 

horizontal wind speed and (c) temperature anomaly along the black line in Fig. 7a, (d) 922 

brightness temperature, (e) CLWP, and (f) TPW. 72h forecast track error (g), CSLP 923 

error (h) and TS (i) for 24h accumulated precipitation from 1200 UTC 29 October to 924 

1200 UTC 30 October are shown for both CHAN9-12 (red) and CHAN5-12 (blue) 925 

experiments. 926 

 927 

 928 

 929 


