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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

To improve the atmospheric dispersion simulations of radioactive materials released due to the Fukushima Daiichi 
Nuclear Power Station (FNPS1) accident, we adopted four-dimensional variational data assimilation (4D-Var) of the 
data assimilation system (WRFDA) and confirmed the effectiveness of the existing 4D-Var technique for the 
reproducibility of dispersion simulation during the FNPS1 accident. The simulation was performed by the community 
meteorological model (WRF) and our atmospheric dispersion model (GEARN). The accuracy of simulated 137Cs 
deposition patterns in the area closed to FNPS1 and the Ibaraki, Tochigi, and Fukushima Prefectures was increased 
due to improvements in wind and rain fields in 4D-Var calculations. The results demonstrated that 4D-Var was 
effective for improving local- and regional-scale atmospheric dispersion simulations. 
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1. Introduction 

A significant amount of radioactive material was accidentally emitted into the atmosphere from the Fukushima Daiichi 
Nuclear Power Station (hereafter referred to as FNPS1) due to the earthquake and resulting tsunami that occurred on 
March 11, 2011. As a result, radiological contamination has occurred over eastern Japan [1]. Atmospheric dispersion 
models, which can simulate spatiotemporal distributions of radioactive material, have been utilized to estimate source 
term and to reveal the atmospheric dispersion processes during the FNPS1 accident. The simulation result strongly 
depends on input meteorological field to drive an atmospheric dispersion model. Thus, the problem needed to reduce 
uncertainty of input meteorological field has already been frequently pointed out. In the United Nations Scientific 
Committee on the Effects of Atomic Radiation (UNSCEAR) for evaluating radiation risk and for establishing 
protective measures based on scientific knowledge, atmospheric dispersion simulations have been used to assess 
radiological doses to the public; demonstrating that the accuracy of simulated meteorological fields has room to be 
improved for better atmospheric dispersion estimates [2]. To increase the accuracy of the meteorological data, four-
dimensional variational data assimilation (4D-Var) is one of widely accepted method in communities of weather 
research and forecasting [3-5]. 
     In our previous study, the detailed source term was estimated by using WSPEEDI (Worldwide version of System 
for Prediction of Environmental Emergency Dose Information) [6] including new deposition scheme [7]. By using the 
estimated source term and WSPEEDI with new deposition scheme, the local and regional deposition patterns of 131I 
and 137Cs were successfully reproduced. For further improvement of WSPEEDI simulation, we attempted to update 
the meteorological field by adopting the up-to-date meteorological calculation model, the Weather Research and 
Forecasting Model (WRF [8]), instead of the former atmospheric model MM5 [9] in the original WSPEEDI. 
Furthermore, we introduced the 4D-Var technique to calculate more reliable meteorological field by effectively 
assimilating meteorological observation data. As the result, the reproducibility of local and regional deposition 
patterns of 137Cs  derived from airborne monitoring was improved. 
     The present study aims to demonstrate the effectiveness of the existing 4D-Var technique for the reproducibility 
of dispersion simulation during the FNPS1 accident in comparison of results from WRF simulations with and without 
4D-Var. Then, its impact on modelled plume movements and deposition patterns of 137Cs during the FNPS1 accident 
is evaluated by comparing simulation results with airborne monitoring surveys. 

2. Models and experimental designs 

In this study, we used our Lagrangian particle dispersion model GEARN and the community meteorological model 
WRF. To improve the meteorological fields calculated by WRF, an advanced meteorological data assimilation system 
(WRFDA) was utilized to assimilate available meteorological input data obtained in eastern Japan (section 2.4) based 
on the 4D-Var technique. 

2.1. WRF 

To obtain the meteorological variables to drive GEARN, we used the WRF model version 3.6.1, which is a non-
hydrostatic, fully compressible model developed by the National Center for Atmospheric Research [8]. The model 
predicts three-dimensional meteorological fields by solving several governing equations of the atmospheric dynamics. 
This model has various physics options applied to the processes of microphysics, cumulus clouds, land surface, 
boundary layer and radiation.  

2.2. WRFDA 

In order to increase accuracy of meteorological fields, 4D-Var was conducted using WRF data assimilation system 
(WRFDA) [10]. WRFDA deals with the process to combine observational datasets with meteorological model output. 
Assimilated observational datasets are shown in section 2.4. 
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Nuclear Power Station (hereafter referred to as FNPS1) due to the earthquake and resulting tsunami that occurred on 
March 11, 2011. As a result, radiological contamination has occurred over eastern Japan [1]. Atmospheric dispersion 
models, which can simulate spatiotemporal distributions of radioactive material, have been utilized to estimate source 
term and to reveal the atmospheric dispersion processes during the FNPS1 accident. The simulation result strongly 
depends on input meteorological field to drive an atmospheric dispersion model. Thus, the problem needed to reduce 
uncertainty of input meteorological field has already been frequently pointed out. In the United Nations Scientific 
Committee on the Effects of Atomic Radiation (UNSCEAR) for evaluating radiation risk and for establishing 
protective measures based on scientific knowledge, atmospheric dispersion simulations have been used to assess 
radiological doses to the public; demonstrating that the accuracy of simulated meteorological fields has room to be 
improved for better atmospheric dispersion estimates [2]. To increase the accuracy of the meteorological data, four-
dimensional variational data assimilation (4D-Var) is one of widely accepted method in communities of weather 
research and forecasting [3-5]. 
     In our previous study, the detailed source term was estimated by using WSPEEDI (Worldwide version of System 
for Prediction of Environmental Emergency Dose Information) [6] including new deposition scheme [7]. By using the 
estimated source term and WSPEEDI with new deposition scheme, the local and regional deposition patterns of 131I 
and 137Cs were successfully reproduced. For further improvement of WSPEEDI simulation, we attempted to update 
the meteorological field by adopting the up-to-date meteorological calculation model, the Weather Research and 
Forecasting Model (WRF [8]), instead of the former atmospheric model MM5 [9] in the original WSPEEDI. 
Furthermore, we introduced the 4D-Var technique to calculate more reliable meteorological field by effectively 
assimilating meteorological observation data. As the result, the reproducibility of local and regional deposition 
patterns of 137Cs  derived from airborne monitoring was improved. 
     The present study aims to demonstrate the effectiveness of the existing 4D-Var technique for the reproducibility 
of dispersion simulation during the FNPS1 accident in comparison of results from WRF simulations with and without 
4D-Var. Then, its impact on modelled plume movements and deposition patterns of 137Cs during the FNPS1 accident 
is evaluated by comparing simulation results with airborne monitoring surveys. 

2. Models and experimental designs 

In this study, we used our Lagrangian particle dispersion model GEARN and the community meteorological model 
WRF. To improve the meteorological fields calculated by WRF, an advanced meteorological data assimilation system 
(WRFDA) was utilized to assimilate available meteorological input data obtained in eastern Japan (section 2.4) based 
on the 4D-Var technique. 

2.1. WRF 

To obtain the meteorological variables to drive GEARN, we used the WRF model version 3.6.1, which is a non-
hydrostatic, fully compressible model developed by the National Center for Atmospheric Research [8]. The model 
predicts three-dimensional meteorological fields by solving several governing equations of the atmospheric dynamics. 
This model has various physics options applied to the processes of microphysics, cumulus clouds, land surface, 
boundary layer and radiation.  

2.2. WRFDA 

In order to increase accuracy of meteorological fields, 4D-Var was conducted using WRF data assimilation system 
(WRFDA) [10]. WRFDA deals with the process to combine observational datasets with meteorological model output. 
Assimilated observational datasets are shown in section 2.4. 
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Fig. 1. (a) Simulation domains for GEARN and WRF. Domains 1, 2, and 3 are shown as pink (D1), yellow (D2), and light pink (D3), respectively. 
The symbols in (a) and (b) represent the locations of observed data for 4DVAR case. 

 
Table 1. Simulation settings of WRF, WRFDA and GEARN. 

aTerrain-following half-sigma levels as 1.000, 0.997, 0.994, 0.992, 0.986, 0.973, 0.959, 0.946, 0.933, 0.900, 0.869, 0.838, 0.808, 0.750, 0.696, 
0.619, 0.548, 0.482, 0.421, 0.366, 0.315, 0.268, 0.226, 0.187, 0.151, 0.119, 0.090, 0.064, 0.040, 0.019, 0.000. 
 

 Domain1 Domain2 Domain3 
Applied WRFDA calculations Yes No No 
Applied GEARN calculations No Yes Yes 
Simulation period 3:00 JST on March 12 to 6:00 JST on March 31, 2011 
Horizontal grid number 100 × 100 190 × 130 190 × 190 
Horizontal resolution (km) 9 3 1 
Vertical levels of WRF 31 eta levelsa from surface to 100 hPa 
Vertical levels of GEARN  29 levels from surface to 10 km 
Time step of WRF (second) 60 20 6 
Time step of GEARN (second) - 6 3 
Boundary and initial conditions of 
WRF 

JMA-GPV(MSM, 0.1° × 0.125° for atmosphere, 0.05° × 0.0625° for the 
surface layer) 

Time window for 4D-Var (hour) 6 - - 
Interval time of data insert for 4D-Var 
(hour) 1 - - 

Physics options for 
WRF 

Microphysics WSM6 [18] 
Cumulus Betts-Miller-Janjic [19] - 
Land Surface 5-layer thermal diffusion 
Boundary layer MYNN Level 2.5 [20] 
Long-wave 
radiation RRTM [21] 

Short-wave 
radiation Dudhia [22] 

4 Author name / Energy Procedia 00 (2017) 000–000 

2.3. GEARN 

GEARN simulates the atmospheric dispersion process of discharged radionuclides using the three-dimensional 
movement of marker particles of the meteorological variables [7,11]. The processes of advection and diffusion of 
radioactive plumes, radioactive decay, dry, wet, and fog water deposition onto the ground surface are modelled. 
GEARN has been validated using several datasets, including those from the European Tracer Experiment [12], the 
Chernobyl accident [6,13], the release from the nuclear fuel reprocessing plant in Rokkasho, Japan [14], and the 
FNPS1 accident [7,15-17]. 

2.4. Simulation settings, observational data and experimental scenarios 

The simulation settings of WRF, WRFDA, and GEARN are summarized in Table 1. Meteorological input data, Grid 
Point Value (GPV) of the Meso-Scale Model (MSM) provided by the Japan Meteorological Agency (JMA), are used 
for initial and boundary conditions of WRF. The largest simulation domain covers the whole eastern Japan around 
FNPS1 with two nested computational domains used for WRF calculations as shown in Figure 1. 
     In WRF calculations, WRFDA was performed only in domain 1. The WRFDA assimilates the following 
meteorological datasets: wind speed and direction at the ground surface (FNPS1 and Ohno in Fukushima Prefecture) 
and those at 120 m above Fukushima Daini Nuclear Power Station (hereafter referred to as FNPS2), and wind speed 
and direction, air temperature, pressure, and relative humidity at the ground surface (452 points of meteorological 
stations managed by JMA in eastern Japan). The locations of the above stations are shown in Figure 1.  
     To confirm the impact of 4D-Var on atmospheric dispersion simulation results, the following two simulations were 
performed: WRF with WRFDA (4DVAR) and without data assimilation method (ORIGINAL). GEARN is applied 
to Domains 2 and 3 with two-way nesting, i.e., by considering in- and out-flow between the domains. Our latest source 
term of 137Cs from the FNPS1 accident until the end of March 2011 [7] was applied to the atmospheric dispersion 
simulations. 
     To validate the surface deposition patterns of 137Cs calculated by GEARN in both runs, airborne monitoring results 
that cover Domains 2 and 3 shown in Figure 1a are required. The airborne monitoring intended for Japan started on 
Jun 23, 2011 and finished on May 31, 2012. Therefore, the surface deposition patterns of 137Cs of airborne survey on 
May 31, 2012 [23], which are compiled all airborne monitoring surveys covering our target domains completely, were 
utilized for the validation.  
 
 

3. Results and discussion 

Simulated and observed cumulative surface depositions of 137Cs are shown in Figure 2. In comparison with 
ORIGINAL case, 4DVAR case showed the improvements of deposition patterns at the area of Tochigi and Fukushima 
(1 in Fig. 2a), Ibaraki Prefectures (2 in Fig. 2a), and to northwest and south direction from FNPS1 (3 in Fig. 2a). The 
improvements in 4DVAR case at each area are summarized below. 
     In Tochigi and Fukushima Prefectures, the over- and underestimation of observed 137Cs deposition (Fig. 2c) 
appeared in ORIGINAL case (Fig. 2b) were improved in 4DVAR case (1 in Fig. 2a). These are because, when the 
plume passed over the area between 16:00–17:00 JST on March 15, cumulative precipitation in Tochigi Prefecture 
calculated in 4DVAR case (Fig. 3a) was lower than that in ORIGINAL case (Fig. 3b). In the period, the plume of high 
concentration in 4DVAR case did not reach the precipitation band over Tochigi Prefecture, in which the vertical 
accumulated concentration of the plume in 4DVAR case (Fig. 3c) were significantly lower than that in the ORIGINAL 
case (Fig. 3d) because the plume in 4DVAR case was strongly diluted till 14:00 JST on March 15 (blue contours in 
Fig. 3c) in compared with that in ORIGINAL case. Although the wind direction in ORIGINAL case was easterly then, 
that in 4DVAR case around the prefecture-border between Fukushima and Ibaraki Prefectures changed from easterly 
to southerly (not shown in figures); therefore, the plume in 4DVAR case was transported to Fukushima Prefecture 
(black contours in Fig. 3c) due to southerly wind. The different distributions of the plume between 4DVAR and 
ORIGINAL cases mainly resulted from wind fields. As a result, larger amount of wet deposition in southern central 
area of Fukushima Prefecture was calculated in 4DVAR case than ORIGINAL case occurred (Fig. 3c). The results  
suggest that the accuracy of surface deposition in Tochigi and Fukushima Prefectures was increased by 4D-Var 
technique (1 in Fig. 2a) that changed precipitation and wind fields of WRF. 
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Fig. 2. 137Cs deposition after the FNPS1 accident based on the GEARN calculations on April 1, 2011, in (a) 4DVAR and (b) ORIGINAL cases and 
(c) airborne observations on May 31 2012. Symbols of star indicate the location of FNPS1. Improved areas are shown as numbered circles in (a).  

 

 

Fig. 3. Cumulative precipitation simulated in [(a) and (c)] 4DVAR case and [(b) and (d)] ORIGINAL case between 16:00–17:00 JST on March 15. 
Blue and black contours represent vertically accumulated air concentration of 137Cs (100 Bq m-3) for all atmospheric layers at 14:00 and 17:00 JST 
on March 15, respectively. Symbols of star indicate the location of FNPS1. 

 
     The deposition pattern in 4DVAR case in Ibaraki Prefecture was also consistent to observed ones (2 in Fig. 2). 
This was caused by wet deposition event occurred between 7:00–12:00 JST on March 21 [15]. Although the spatial 
distribution of the plume in 4DVAR case (Fig. 4c) was similar to that in ORIGINAL case (Fig. 4d), cumulative 
precipitation calculated in the former case was clearly lower at the area of the south of Ibaraki Prefecture. Therefore, 
the change in precipitation patterns due to 4D-Var technique caused the better agreement in surface deposition between 
calculations in 4DVAR case and observations (2 in Fig. 2a).  
     In the northwestern area close to FNPS1, 4DVAR case also agreed better with the observations of surface 
deposition than the ORIGINAL case (3 in Fig. 2). The contamination area was created by wet deposition during the 
major release of 137Cs from FNPS1 between 19:00–23:00 JST on March 15 [7]. In this period, although precipitation  
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Fig. 5. Cumulative deposition of 137Cs simulated in [(a) and (c)] 4DVAR and [(b) and (d)] ORIGINAL cases [(a) and (b)] between 20:00–21:00 
JST on March 15 and [(c) and (d)] between 23:00 JST on March 15 and 0:00 JST on March 16.  Black contours represent vertically accumulated 
air concentration of 137Cs (100 Bq m-3) for all atmospheric layers at [(a) and (b) ] 21:00 JST on March 15 and [(c) and (d)] 0:00 JST on March 16, 
respectively. Symbols of star indicates the location of FNPS1. 
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Fig. 3. Cumulative precipitation simulated in [(a) and (c)] 4DVAR case and [(b) and (d)] ORIGINAL case between 16:00–17:00 JST on March 15. 
Blue and black contours represent vertically accumulated air concentration of 137Cs (100 Bq m-3) for all atmospheric layers at 14:00 and 17:00 JST 
on March 15, respectively. Symbols of star indicate the location of FNPS1. 
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Fig. 6. Simulated and observed wind directions 120 m above FNPS2. 0° and 90° indicate northerly and easterly winds, respectively. The shaded 
area represents the period of the maximum release of 137Cs on March 15. 

 
patterns in 4DVAR case were almost similar to those in ORIGINAL case (not shown in figures), temporal change of 
wind direction nearby FNPS1 was clearly different between 4DVAR and ORIGINAL cases. Figure 6 shows simulated 
and observed wind direction at 120 m above FNPS2 from 18:00 JST on March 15 to 2:00 JST on March 16. As shown 
in the figure, the significant release on FNPS1 occurred from 22:00–23:00 JST on March 15, in which observed 
easterly wind was reproduced better in 4DVAR case than ORIGINAL case. Since wind direction in ORIGINAL case 
changed from south-easterly to northerly wind at 22:00 JST on March 15 (blue line in Fig. 6), the plume flowed toward 
the south (Fig. 5d) and caused the overestimation of wet deposition compared with airborne survey (Figs. 2b and 2c). 
Therefore, in local-scale atmospheric dispersion simulation during the FNPS1 accident, the 4D-Var technique with 
wind data is effective for reproducing surface deposition patterns around the FNPS1. Further studies are required to 
clarify what kind of meteorological data at any locations used in WRFDA highly contributed to improve the 
atmospheric dispersion simulation. 

4. Conclusion 

The impact of the 4D-Var technique on atmospheric dispersion simulation of radionuclides discharged into the 
atmosphere due to the FNPS1 accident were investigated. By taking into account of 4D-Var into the meteorological 
model WRF, the accuracy of surface deposition of 137Cs by our atmospheric dispersion model GEARN was improved. 
The most apparent improvements were noted in Tochigi, Fukushima, and Ibaraki Prefectures, and in northwest and 
south directions from FNPS1. These results were predominantly attributed to the changes in wind and precipitation 
fields. In the case of the Ibaraki Prefecture, the reproducibility of 137Cs deposition pattern increased because of the 
simulated precipitation. For local-scale atmospheric deposition simulation during the FNPS1 accidents, 4D-Var has a 
significant role in improving horizontal wind fields calculated by meteorological model. 
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changed from south-easterly to northerly wind at 22:00 JST on March 15 (blue line in Fig. 6), the plume flowed toward 
the south (Fig. 5d) and caused the overestimation of wet deposition compared with airborne survey (Figs. 2b and 2c). 
Therefore, in local-scale atmospheric dispersion simulation during the FNPS1 accident, the 4D-Var technique with 
wind data is effective for reproducing surface deposition patterns around the FNPS1. Further studies are required to 
clarify what kind of meteorological data at any locations used in WRFDA highly contributed to improve the 
atmospheric dispersion simulation. 

4. Conclusion 

The impact of the 4D-Var technique on atmospheric dispersion simulation of radionuclides discharged into the 
atmosphere due to the FNPS1 accident were investigated. By taking into account of 4D-Var into the meteorological 
model WRF, the accuracy of surface deposition of 137Cs by our atmospheric dispersion model GEARN was improved. 
The most apparent improvements were noted in Tochigi, Fukushima, and Ibaraki Prefectures, and in northwest and 
south directions from FNPS1. These results were predominantly attributed to the changes in wind and precipitation 
fields. In the case of the Ibaraki Prefecture, the reproducibility of 137Cs deposition pattern increased because of the 
simulated precipitation. For local-scale atmospheric deposition simulation during the FNPS1 accidents, 4D-Var has a 
significant role in improving horizontal wind fields calculated by meteorological model. 
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