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Abstract


Predicting streamflow can help water managers make policy decisions for individual river basins. In 2011, heavy rainfall from May until October resulted in the largest flood event in the history of Thailand. This event created difficulty for water managers, who lacked information to make predictions. Studies on the 2011 Thai flood have proposed alternative reservoir operations for flood mitigation. However, no study to date has used predictive information to determine how to control reservoirs and mitigate such extreme floods. Thus, the objective of this study is to update and develop a method for using streamflow predictive data to support adaptive reservoir operation with the aim of mitigating the 2011 flood. The study area was the Chao Phraya River Basin, one of the most important basins in Thailand. We obtained predictive information from a hydrological model with a reservoir operation module using an ensemble of seasonal precipitation data from the European Centre for Medium–Range Weather Forecasts (ECMWF). The six-month ECMWF prediction period was used to support the operation plan for mitigating flooding in 2011 around each reservoir during the wet season. Decision-making for reservoir operation based on seasonal predictions was conducted on a monthly time scale. The results showed that peak river discharge decreased slightly, by around 4%, when seasonal predictive data were used. Moreover, changing the reservoir operation plan and using seasonal predictions decreased the peak river discharge by around 20%.
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1. Introduction


Natural disasters have occurred throughout human history. In particular, catastrophic floods and droughts have had a significant impact on society. However, humans can reduce the damage caused by disasters by developing advanced technologies such as dams [1,2,3]. The purpose of dam construction is to control water so that it provides the greatest possible benefit to society [4,5]. Flood and drought mitigation can be achieved through well-organized reservoir operation [6,7,8]. However, a report by the Intergovernmental Panel on Climate Change [9] noted that the effects of climate change make extreme weather and climate events, such as extreme precipitation events and droughts, more frequent and severe globally. Thus, water managers face significant challenges in terms of controlling water in a way that benefits society.



In 2011, catastrophic flooding occurred in Thailand. From May until October 2011, the country experienced heavy rainfall as a result of five typhoons. This rainfall was estimated to total 1439 mm or about 143% of the average rainy season rainfall from 1982 to 2002 [10,11]. This flood caused substantial damage to the Thai economy and society. The capital city, Bangkok, and industrial areas were inundated from May until December, which caused the Thai economy to lose about USD 45 billion [12]. Because of a lack of information on future rainfall, there was no plan for this unexpectedly severe rainfall event, which affected the Chao Phraya River Basin (CPRB). Thus, two large reservoirs located behind the Bhumibol and Sirikit dams were unable to mitigate the flooding.



Several studies in Thailand have focused on optimizing reservoir operation and analyzing the regulated flow of the 2011 floodwaters in the CPRB [13,14,15,16]. Mateo et al. [6], which aimed to mitigate flooding in the CPRB in 2011 through alternative dam operation strategies, proposed four operation schemes for controlling target dam storage to mitigate flooding. In that study, researchers proposed four operation schemes for controlling target dam storage to mitigate flooding. The results showed that peak streamflow could be reduced using the proposed schemes. However, that investigation did not use seasonal predictive information. Predictions at the seasonal scale are useful for water management and can support timely reservoir operation. To make decisions related to reservoir operation, water managers must act on predictive information and water demand at the time [17,18].



In Thailand, most reservoirs are operated using a rule curve. The rule curve, which guides water managers to properly control reservoirs, is created from historical streamflow data in the target basin area [19]. It is analyzed using past streamflow data obtained since the recording of streamflow began. Two rule curves are used: the upper rule curve and the lower rule curve. The upper rule curve is defined as the standard water level in a reservoir each month. It is essential to maintain a water level that does not exceed the upper control level. Water is maintained between the upper water level and the maximum water level to prevent flooding. The lower rule curve indicates the minimum water level in the reservoir each month, setting a standard level that is not below the control level. The aim is to reserve sufficient water between the minimum and the lowest water levels that will meet the needs for cultivation and prevent water shortages during the dry season [20]. In 2011, dam storage at both reservoirs was lower than the rule curve at the beginning of the wet season, and no information was available on whether streamflow would increase or decrease during the subsequent months. In addition, the reservoirs might not have been appropriately managed to mitigate flooding in 2011 because of a lack of predictive information. Moreover, the substantial rainfall in 2011 was an unexpected event, and such events make it more difficult to operate reservoirs to mitigate flooding. Therefore, a method of predicting streamflow is needed for effective water management in Thailand.



Aiming to support water management, previous streamflow prediction studies have simulated predictions using hydrological models [21]. The hydrological ensemble prediction system (HEPS) uses a hydrological model forced with a range of probabilities in a seasonal climate forecast environment based on general circulation models (GCMs) [22]. HEPS has been widely used in numerous studies around the world. However, GCM ensemble climate forecasting is generally biased, which can increase the uncertainty of streamflow forecasts. In addition, the spread of the GCM ensemble climate forecast may be too wide for a small region such as the CPRB [23]. These limitations must be addressed before GCM ensemble climate forecasting can be used for water management [24].



Previous studies of seasonal streamflow prediction have proposed various methods to improve the accuracy of seasonal streamflow prediction [25,26]. However, little attention has been paid to using seasonal streamflow forecasts to support water management. Although Mateo et al. [6] proposed a useful operation scheme, they did not consider seasonal streamflow prediction. Moreover, their research mitigated the 2011 flood by controlling storage of the target dams. In reality, water managers cannot set target storage levels at the beginning of the wet season without predictive information and water demand; in addition, climatic factors are uncertain. Therefore, to predict seasonal streamflow while accounting for reservoir operation, we updated and developed a method for using seasonal streamflow predictive data to support adaptive reservoir operation. Thus, the objective of this study is to demonstrate the use of streamflow predictive information for adaptive reservoir operation with the aim of mitigating the 2011 flood in the CPRB. This paper presents a comparison of river discharge with and without the use of predictive information to support adaptive reservoir operation. In addition, the results of river discharge with the 2011 reservoir operation and river discharge with the alternative reservoir operation were compared in this study.




2. Study Area, Data and Methods


2.1. Study Area


The CPRB, which is located in central Thailand, is one of the largest river basins in the country, with an area of about 158,000 km2 (30% of Thailand’s area; see Figure 1). The CPRB has long supported the local community and economy. The Thai people have made use of the CPRB for transport, drainage, recreation, fishing, agriculture (in particular, rice), and as a source of water for centuries. Moreover, Bangkok is located downstream of the CPRB. The total number of households in the CPRB is 23.0 million (1996), and it accounts for 66% of Thailand’s gross domestic product (GDP) [27]. Given its importance, the impact of natural disasters on the Thai economy and society, in particular downstream of the CPRB, is significant. Figure 1 shows an overview of river operations for two major reservoirs in the CPRB. The maximum dam storage capacity of the Bhumibol reservoir (13,500 million centimeters; MCM) is greater than that of the Sirikit reservoir (9700 MCM). The representative discharge station for the CPRB is station C2. The river storage capacity, which is the lowest flow rate that indicates flooding, is 3590 m3/s.



Ping, Wang, Yom, and Nan, which are sub-basins of the CPRB, are located upstream. The Bhumibol and Sirikit reservoirs are located along the Ping and Nan Rivers, respectively. Water flows from the north of Thailand before reaching station C2, which is located at Nakorn Sawan. Downstream of the CPRB is the Gulf of Thailand. The dry season in the CPRB is from November to April, and the wet season is from May to October. To supply water in the dry season and mitigate flooding in the wet season, two large reservoirs were built with a combined storage capacity of 23 billion m3. The Bhumibol and Sirikit reservoirs play an essential role in water management in the CPRB. These two large reservoirs ensure that river discharge increases during the dry season and decreases in the wet season relative to the river discharge pattern without reservoirs (Figure 1). The period of peak river discharge in the CPRB is from September to October, because heavy rainfall usually occurs from August to September. Thus, the outflow from reservoirs is usually lower during the wet season from August to October than from May to July.




2.2. Data


Seasonal precipitation data generated with the European Centre for Medium-Range Weather Forecasts (ECMWF) System 5 [28] were used as input data. The resolution of these precipitation data is 1° in both latitude and longitude. The temporal resolution of seasonal precipitation is daily from 1993 to 2016. ECMWF System 5 predicts precipitation with a forecast range of six months and releases ensemble predictions on the first of each month. For each ECMWF System 5 prediction, 25 ensemble members are used. In this study, we selected a starting prediction month of June (the start of the wet season) and conducted seasonal precipitation prediction for July, August, and September.



Geographic data and meteorological forcing data, such as daily observed temperature, relative humidity, wind speed, wave radiation, and surface air pressure, were obtained from previous research [29,30]. Table 1 summarizes the input data used in this study. Precipitation data were reanalyzed from measurements from rain gauge stations. The spatial resolution of the reanalyzed precipitation data was 5 min. The temporal coverage of the observed input data was from 2010 to 2011.




2.3. Method


2.3.1. Hydrological Model


We used the H08 model [31] to simulate hydrological processes. The H08 model is a distributed global hydrological model that has been adapted and calibrated for application in the CPRB [6]. It consists of six sub-models, namely, land surface hydrology, river routing, reservoir operation, crop growth, environmental flow, and water abstraction. These six models can run separately, or coupled models can run all processes in an integrated manner. Because this study was focused on the use of seasonal predictive data for water management through reservoir operation, the land surface hydrology, river routing, and reservoir operation models were used.



The land surface hydrology model in H08 is based on the leaky bucket model [32,33]. It considers a single-layer bucket for all vegetation and soil types, predicting soil moisture to a depth of 15 cm. In the leaky bucket model, soil moisture drains continuously from the bucket, whereas in the original bucket model, runoff is generated only when the bucket is full.



The river routing model in the H08 model, known as total runoff integrated pathways (TRIP) [34], is an idealized global river channel network model. In this model, streamflow is calculated by summing the runoff from the land surface model while considering hydrologic routing. The river is depicted as a straight line with no cross-sectional component that flows at a constant velocity toward a downstream cell. Flow directions were determined from digital elevation models manually corrected using atlases [6]. The TRIP model does not consider lakes or swamps, reservoir operation, withdrawal, or losses to evaporation from water surfaces.



The reservoir operation model in the H08 model uses operating rules for individual reservoirs. In general, reservoirs can be classified as irrigation or non-irrigation reservoirs. For non-irrigation reservoirs, reservoir operation is planned to minimize variation in sub-annual and interannual streamflow. For irrigation reservoirs, the aim is to release water daily in proportion to the irrigation water requirements of the lower reaches. To simulate reservoir operation in the CPRB, we based the reservoir operation schedule on historical outflow data from the Bhumibol and Sirikit reservoirs. During the dry season, the Bhumibol and Sirikit reservoirs release water, whereas they store water during the wet season to mitigate flooding. The dry season in the CPRB runs from the beginning of January until May, whereas July to December is considered the wet season.



Important parameters, such as the bulk transfer coefficient and shape parameter in the land surface model, followed Mateo et al. [6]. We conducted our simulation on a daily time scale, with 5 min longitudinal and latitudinal grids. The domain of the CPRB ranged from 97° E to 102° E longitude and from 13° N to 20° N latitude.




2.3.2. Bias Correction


Prior to using the seasonal predictive data, we used a popular bias correction method, namely, quantile mapping, to increase the accuracy of rainfall prediction. The outputs from the climate model are usually produced at a coarse grid scale, which may lead to errors in capturing forecast uncertainty and introduce biases. Quantile mapping [35] was used to correct the cumulative distribution function between the observed rainfall data from 1987 to 2010 and the seasonal rainfall forecast data in the CPRB. The bias correction technique was applied to data in a grid-to-grid manner. Figure A4 and Figure A5 (in Appendix C) shows the comparison between observed rainfall data and the seasonal rainfall forecast after bias correction.




2.3.3. Adaptation of Reservoir Operation based on Predictive Data


Four parameters are essential to simulating reservoir operation in the reservoir operation sub-model of the H08 model: the rate of release during the dry season, the rate of release during the wet season, target storage, and the target storage date. In a previous study [6], target storage and the target storage date were altered to create an alternative reservoir operation schedule. However, when using predictions for adaptive reservoir operation each month, one can only control the rate of release. Moreover, reservoir operation, particularly during the wet season, is crucial for decision-making to mitigate flooding and storing the appropriate amount of water to support society. Thus, the difference between this study and previous research is that we changed the rates of release from the Bhumibol and Sirikit reservoirs for each month during the wet season based on the monthly predictive data.



Reservoir operation in this study occurred from June to October, because June and October are the first and last months of the wet season, respectively. Two alternative reservoir operations were adaptively applied, as shown in Figure 2. The first alternative operation was simply to follow the rule curve of each reservoir. We refer to this strategy as “PlanU” operation, because reservoir storage is limited by the upper rule curve. The second alternative operation was to follow a new rule curve proposed after the 2011 flood until the end of October. In addition, we set the target storage for each reservoir, which resembled the reservoir operation proposed in a previous study [6]. The second alternative operation is designated “PlanM” operation here. The main difference between the two plans is the amount of reservoir storage.



After the flooding of 2011, the rule curves of the reservoirs were changed (this is usually done once per decade) from the dashed line with squares to the dashed line with triangles shown in Figure 2. If the water manager controls the water level using the rule curve, the maximum reservoir storage available during the wet season to support the dry season is about 15,350 MCM: about 8750 MCM in the Bhumibol reservoir and about 6600 MCM in the Sirikit reservoir. In addition, the water demand in the CPRB [36] is about 11,377 MCM per year. Thus, the target storage level to meet water demand can be attained if the Bhumibol and Sirikit reservoirs meet about 78% and 87% of their total storage capacities, respectively. Therefore, the purpose of PlanM is to prevent overflow at both reservoirs by setting the target storage level, thereby mitigating flooding.



Figure 3 shows a sample study operation plan based on seasonal predictions, which is applied at the monthly scale. First, we used predictive data to simulate reservoir storage and river discharge as shown in the prediction box of Figure 3. Then, we determined the reservoir operation as follows:



(1) No change in reservoir operation if most reservoir storage predictive data (more than 50% of the total ensemble predictions) fall between the upper rule curve and lower rule curve.



(2) Increase the rate of outflow until most reservoir storage is below the upper rule curve if most predicted reservoir storage is above the upper rule curve.



(3) Decrease the rate of outflow until most reservoir storage is above the lower rule curve if most predicted reservoir storage is below the lower rule curve.



(4) Stop increasing the rate of outflow if most river discharge predictions are above the river storage capacity at station C2 in that month.



As shown in Figure 3, most predicted reservoir storage in Bhumibol reservoir (left figure in prediction box of Figure 3) fell above the upper rule curve. Thus, we changed the operation plan by increasing the rate of outflow from the Bhumibol reservoir. Meanwhile, most predicted reservoir storage in Sirikit (right figure in prediction box of Figure 3) fell below the lower rule curve. Thus, we changed the operation plan by reducing the rate of outflow from the Sirikit reservoir. The results after we changed the reservoir operation are represented by the red line in the operation box of Figure 3. Then we used the new rates of outflow from both reservoirs to simulate the next prediction month.






3. Results


3.1. Reliability of the Predictive Data


Simulations from 25 ensembles for river discharge using the original ECMWF System 5 predictive data and bias-corrected predictive data are shown in Figure 4, with a zero-month lead-time from June to October. We selected results with a zero-month lead-time because we operated the reservoir at monthly intervals. The initial conditions for simulating the zero-month lead time predated the prediction month. For example, we used the initial prediction in May for the June prediction. A comparison of daily discharge between the observed data and predictive data using the original ensemble is shown in Figure 4a. The ensemble simulation of river discharge using the original ECMWF System 5 predictions (Figure 4a) is generally higher than the observed river discharges. During the peak period in October, simulations using the original ECMWF prediction were higher than the observed data, including the Thai operation simulation. A comparison of predictive data using the bias-corrected ensemble is shown in Figure 4b. The ensemble simulation of river discharge using bias-corrected predictive data showed improved accuracy compared with ensemble simulation of river discharge using the original ECMWF prediction.



The ensemble simulation results for river discharge using the bias correction technique were lower than those for Thai operation (red line in Figure 4) but still higher than the observed data. The reason for these differences is that 2011 was an abnormal year, and Thailand had not previously experienced an extreme event like the 2011 flooding. Thus, when we apply a bias correction to historical data, the predicted results are underestimates. Overall, the accuracy of the ensemble river discharge prediction was improved with the quantile mapping bias correction technique. We used the root mean square error (RMSE), relative mean error (RME), coefficient of variation of the RMSE (CV), Nash–Sutcliffe efficiency (NSE), and coefficient of determination (R2) to determine the accuracy. The results for each accuracy index are shown in Figure 5. The zero-month lead-time prediction improved after bias correction; in particular, the NSE showed a significant improvement. However, some months, such as August, had lower accuracy after bias correction, because the simulation used original predictive data similar to the observed data, in particular in 2010.



The simulation results using the bias-corrected predictive data were underestimates, in particular for extreme events such as the 2011 flood. The underestimation of simulated discharge after bias correction has been reported in previous studies [37]. This problem is caused by the bias correction itself, which uses previous observations to correct the predictive data. Thus, bias correction does not always improve the accuracy of predictive data, particularly for extreme events.




3.2. Adaptive Operation Using Predictive Data for 2011


Reservoir storage predictions from June are shown in Figure 6. No change in reservoir operation occurred in June, because most reservoir storage predictions (more than 50% of the total ensemble predictions) fell between the rule curves of both the Bhumibol and Sirikit reservoirs. Although the first prediction month for the Sirikit reservoir fell below the rule curve, most reservoir storage predictions were within that range at the end of December. Prediction of river discharge for July at station C2 is shown in Figure 7a. Figure 7b,c shows predictions of reservoir storage for July at the Bhumibol and Sirikit reservoir. The tendency for the risk of reservoir storage to be above the maximum capacity is apparent. However, most ensemble predictions remained under the upper rule curve in both reservoirs. Therefore, no changes in the rate of outflow from either reservoir were made in July. Thus, no difference was observed between adaptive operation using predictive data and adaptive operation without predictive data, as shown in Figure 7.



Predictive data without adaptive operation, shown in Figure 8, indicated that most ensemble predictions were higher than the upper rule curve and reached the maximum capacity of both reservoirs (Figure 8b,c). Based on this result, we increased the rate of outflow from the two reservoirs until most ensemble predictions for reservoir storage (more than 50% of the total ensemble predictions) fell between the rule curves. The results after we increased the rate of outflow from both reservoirs are shown as a red dashed line. As a result of the increased rate of outflow in August, river discharge increased after adaptive operation using predictive data, as indicated by the pink line in Figure 8b,c, which shows that most ensemble predictions after adaptive operation fell between the rule curves.



The ensemble predictive data for September, in which we used the increased rate of outflow in August for simulation, are shown in Figure 9a–c. No adaptive operation was conducted in the Bhumibol and Sirikit reservoirs, because most ensemble predictions for reservoir storage were within the range of the rule curves. The results of ensemble prediction without adaptive operation and with adaptive operation using predictive data are presented in Figure 9a–c. Because no change in operation occurred in September, there was no difference in September.



The discharge predictions for September tended to decrease from the beginning to the middle of the month. The reason for this could related to the discharge from the upstream area, which was controlled by the two reservoirs. In addition, the amount of rainfall began to decrease in September relative to August. For this reason, the discharge predictions increased rapidly after the middle of the month because dam storage reached its maximum capacity in both reservoirs; that is, the sudden increase in predicted discharge in September was due to concurrent changes in the rates of release from both reservoirs. Because peak discharge is in October, the rate of outflow cannot change in October. Thus, September was the last month in which reservoir operations could be conducted.




3.3. Adaptive Operation Using Predictive Data Based on PlanM Operation


The operating conditions for this simulation were the same as those for the previous simulation, which are explained in Section 2.3.3. The upper rule curve of PlanM is represented with an orange line as shown in Figure 2. Thus, most ensemble predictions for reservoir storage had to fall under the orange line and above the lower rule curve. The prediction period began in June.



The results of adaptive operation with predictive data beginning in July are shown in Figure 10. As shown in Figure 10b,c, most ensemble predictions for reservoir storage were higher than the target storage (orange dashed line). Therefore, we increased the rate of outflow from both reservoirs in July until the ensemble prediction for reservoir storage was under the target storage level (orange dashed line) and above the lower rule curve shown in Figure 10a–c. The difference relative to before the adaptive operation is shown with a pink line.



We used the rate of release after adaptive operation using predictive data to obtain predictions for August, as shown in Figure 11a–c. Most ensemble predictions of reservoir storage were higher than the target storage level (orange dashed line) in both reservoirs. Thus, we increased the rate of outflow in August until most ensemble predictions for reservoir storage (more than 50% of the total ensemble predictions) were under the target storage level (orange dashed line) and above the lower rule curve. The results after adaptive operation using predictive data from PlanM for August are represented by the orange dashed lines in Figure 11a–c. We increased the rate of outflow from the two reservoirs until the ensemble prediction for reservoir storage was near the lower rule curve and near the river storage capacity at station C2. However, most ensemble predictions remained higher than the target storage of the Bhumibol and Sirikit reservoirs (orange dashed line). Nonetheless, most ensemble predictive data fell between the rule curves for both reservoirs.



The prediction results for September are shown in Figure 12. No adaptive operation was conducted based on predictive data, although most ensemble predictions for reservoir storage were higher than the target storage level (orange dashed line). River discharge in September tended to decrease from the beginning until the middle of the month. The reason for this could be related to the discharge from upstream, which was controlled by the two reservoirs. In addition, the amount of rainfall in September began to decrease relative to August. Thus, the discharge predictions after the middle of the month increased rapidly because the dam storage of both reservoirs reached maximum capacity. No adaptive operation was undertaken in October, because October is the month of peak discharge. Thus, September was the last month of adaptive operation.





4. Discussion


This study updated the previous work of Mateo et al. [6] to develop a method for using seasonal streamflow predictive information to support adaptive reservoir operation. This previous study [6] showed promising results for successful mitigation of the 2011 flood without using predictive information. The authors showed the 2011 flood could have been mitigated by releasing stored water during the early wet season, thus giving reservoirs sufficient storage capacity to retain a greater volume of water during the peak period. However, more benefit could be gained by using seasonal predictive information to support reservoir operations. In reality, reservoirs, particularly in Thailand, cannot always release water during the early wet season because water stored during the wet season is held to support society during the dry season. Thus, the significant difference between models with and without predictive information is that the use of predictive information allows water managers to make more suitable decisions to derive the best benefits for society.



Previous studies [38,39,40] used ensemble streamflow prediction to design reservoir operations in snow-dominated river basins. These studies used long-term streamflow prediction. The major difference between these previous studies [38,39,40] and the current study is the river basin characteristics, because the CPRB, which is located in Thailand, is not affected by snow. In addition, the rule curve is commonly used by Thai water managers to operate reservoirs. Thus, our study used the benefits of the rule curve and seasonal predictive information to support reservoir operation.



An annual comparison of reservoir operation with and without the use of predictive information is presented in Figure 13. The green line represents simulated river discharge in 2011 when predictive data were not used to manage operations. The red and orange lines represent simulated river discharge using predictive data based on 2011 operation and PlanM. When predictive information was used, the peak river discharge was significantly lower because the rate of outflow was increased to prevent overflow from both reservoirs as shown in Figure A1 of Appendix A. However, reservoir storage was above the maximum level at the end of October as shown in Figure A2 of Appendix A. The increased rate of outflow could also delay the overflow: Because river discharge in the CPRB peaks at the beginning of October, peak river discharge was lower with the use of predictive information than without it. Furthermore, the river discharge based on PlanM tended to be lower than that based on 2011 operation.



By applying seasonal predictions from June to September based on 2011 operation, we mitigated the 2011 flood by around 4%. When we changed the reservoir operation strategy from PlanU to PlanM, we mitigated the 2011 flood by around 8%. When reservoir operation was based on PlanM with predictive data, about 20% of the 2011 flood was mitigated. The reason why reservoir operation under PlanM mitigated the 2011 flood better than under PlanU was that we reduced the maximum target storage of both reservoirs to prevent overflow. In addition, we used predictive data representing river discharge and storage results from the start of the prediction period until the end of 2011. Thus, we mitigated flooding by applying seasonal predictions. Nonetheless, overflow from both reservoirs occurred with every reservoir operation at the end of September. However, the overflow time and length were delayed and shifted with changes in target storage. The amount of water was depleted in both reservoirs prior to the huge increase in supply around August to October. Thus, decreasing the amount of dam storage to prevent overflow using the predictive method reported in this study can mitigate flooding, particularly if the upper rule curve is lowered to reach the target storage level. Figure A3 (in Appendix B) shown the comparison of peak discharge and percentage of peak discharge different from simulations.




5. Conclusions


This study updates previous studies, in which various reservoir operations for flood mitigation were proposed, using ECMWF predictive information to support adaptive reservoir operation. We developed a method for applying seasonal predictions from the ECMWF, demonstrating the use of predictive information for adaptive reservoir operation in the CPRB in Thailand. We used model H08, a distributed hydrological model with a reservoir module, to obtain predictions of river discharge and reservoir storage with a six-month prediction period. In addition, we used two different operating plans to compare river discharge results. The first (PlanU) was simply to follow the 2011 operation schedule, which followed the 2011 rule curve. The second (PlanM) resembled reservoir operations described in a previous study, in which the maximum target storage in 2011 was reduced. The results for river discharge based on seasonal predictions obtained using PlanU showed that seasonal predictive information could be useful for flood mitigation and slightly decreased the peak river discharge, by about 4%, for 2011. In contrast, the results for PlanM showed that peak river discharge was reduced by about 20% relative to the observed 2011 river discharge. The reservoir operation under PlanM, which set target storage levels for each reservoir, tended to make each reservoir release its storage earlier than those under PlanU. That is, a combination of seasonal prediction and PlanM best mitigated flooding.
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Appendix A


Figure A1 shows simulated outflow from the Bhumibol and Sirikit reservoirs in 2011 under PlanU and PlanM operations. The results for outflow using seasonal predictions are indicated by the red and blue lines for PlanU and PlanM, respectively. Because it used seasonal predictions, the rate of outflow under PlanU was elevated only in August, whereas that under PlanM was elevated in both July and August. Because the increased rate of outflow was higher in July and August when seasonal predictive data were used, as shown in Figure A1 for both reservoirs, reservoir storage in July and August was lower under PlanM, which used seasonal predictive data, than under PlanU, as shown in Figure A2. In addition, adaptive operation following PlanM slightly lowered reservoir storage compared to PlanU. However, adaptive operation under PlanM using seasonal predictions lowered reservoir storage, which in turn mitigated flooding during the peak flow period in October, more than adaptive operation under PlanU.
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Figure A1. Comparison of outflow at (a) Bhumibol dam and (b) Sirikit dam, showing simulated outflow using PlanU operation in 2011 (green line) and simulated discharge using PlanM operation in 2011 (blue line): (1) after adaptive operation using predictive data based on 2011 operations (red line) and (2) after adaptive operation using predictive data based on PlanM (yellow line). 






Figure A1. Comparison of outflow at (a) Bhumibol dam and (b) Sirikit dam, showing simulated outflow using PlanU operation in 2011 (green line) and simulated discharge using PlanM operation in 2011 (blue line): (1) after adaptive operation using predictive data based on 2011 operations (red line) and (2) after adaptive operation using predictive data based on PlanM (yellow line).
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Figure A2. Comparison of dam storage at (a) Bhumibol dam and (b) Sirikit dam, showing simulated dam storage using PlanU operation in 2011 (green line) and simulated discharge using PlanM operation in 2011 (blue line): (1) after adaptive operation using predictive data based on 2011 operations (red line): and (2) after adaptive operation using predictive data based on PlanM (yellow line). The yellow dash line shows the target storage of PlanM in this study. 






Figure A2. Comparison of dam storage at (a) Bhumibol dam and (b) Sirikit dam, showing simulated dam storage using PlanU operation in 2011 (green line) and simulated discharge using PlanM operation in 2011 (blue line): (1) after adaptive operation using predictive data based on 2011 operations (red line): and (2) after adaptive operation using predictive data based on PlanM (yellow line). The yellow dash line shows the target storage of PlanM in this study.
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Appendix B


Figure A3 compares simulated discharge at station C2 in 2011. Overall, adaptive operation under PlanM reduced peak discharge. Moreover, PlanM operation using seasonal predictions mitigated flooding in 2011.
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Figure A3. Comparison of peak discharge (blue bar color) and percentage of peak discharge different from simulation (red bar color) between peak simulated discharge using PlanU operation and simulated discharge using PlanM operation in 2011 and simulated discharge: (1) after adaptive operation using predictive data and (2) after adaptive operation using predictive data by PlanM. 






Figure A3. Comparison of peak discharge (blue bar color) and percentage of peak discharge different from simulation (red bar color) between peak simulated discharge using PlanU operation and simulated discharge using PlanM operation in 2011 and simulated discharge: (1) after adaptive operation using predictive data and (2) after adaptive operation using predictive data by PlanM.
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Appendix C


Figure A4 shows the results for seasonal rainfall prediction after bias correction from June, July, August, and September until December 2011. The results are on a daily time scale. Figure A5 shows scatter plots of observed rainfall (y-axis) and predicted rainfall (x-axis) and the ensemble range for June until December, with panels showing different prediction lead times. For example, panel (d) in Figure A5 shows a scatter plot of observed and predicted rainfall, with yellow, red, blue, and green representing rainfall predictions for September with 0, 1, 2, and 3 month lead times, respectively.



Based on these results, rainfall predictions tended to be underestimated relative to observed rainfall data. From these results, the adaptive reservoir operation, which increased the outflow rate from reservoirs, only occurred during August when using PlanU to operate in this study. In addition, adaptive reservoir operation could be started prior to August to mitigate flooding in 2011 if the rainfall prediction was more accurate.
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Figure A4. Comparison of daily rainfall data, showing observed rainfall (blue line), ensemble seasonal rainfall predictions (light pink dashed line), and average ensemble seasonal rainfall prediction (pink line). Rainfall predictions from: (a) June until December 2011, (b) July until December 2011, (c) August until December 2011, and (d) September until December 2011. 
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Figure A5. Scatter plot of monthly rainfall data, showing observed rainfall (y-axis) and average rainfall prediction (x-axis) with ensemble seasonal rainfall predictions (colored lines). Rainfall predictions for (a) June 2011, (b) July 2011, (c) August 2011, (d) September 2011, and (e) October 2011. 
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Figure 1. Overview of flow direction, locations of reservoirs, gauging station, rainfall station, and hydrograph in the Chao Phraya River Basin at station C2; 30 year average (1981–2010) rainfall observations at the rainfall station (black bar), observed discharge (square box with blue line), and naturalized observed discharge (discharge without dam; square box with black dotted line). 






Figure 1. Overview of flow direction, locations of reservoirs, gauging station, rainfall station, and hydrograph in the Chao Phraya River Basin at station C2; 30 year average (1981–2010) rainfall observations at the rainfall station (black bar), observed discharge (square box with blue line), and naturalized observed discharge (discharge without dam; square box with black dotted line).



[image: Water 12 03210 g001]







[image: Water 12 03210 g002] 





Figure 2. Reservoir operation in this study; PlanU (red line), and PlanM (yellow line). 
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Figure 3. Methodology of this study. 
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Figure 4. Comparison of daily discharge at station C2 between observations (black line), simulation results (red line), simulation results using ensemble predicted rainfall data (light blue dotted line), and the median of simulation data using ensemble predicted rainfall data (blue line). Simulation results using (a) the original European Centre for Medium-Range Weather Forecasts (ECMWF) System 5 ensemble predicted data; and (b) bias-corrected ensemble predictions. 
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Figure 5. Scatter plot of accuracy indices between simulated daily discharge using the original predicted data (x-axis) and simulated daily discharge using quantile mapping (y-axis). (a) Root mean square error (RMSE); (b) coefficient of variation of the RMSE (CV); (c) relative mean error (RME); (d) Nash–Sutcliffe model efficiency coefficient (NSE); (e) coefficient of determination (R2); (f) correlation coefficient (CC). 
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Figure 6. River discharge at station C2 (a) and reservoir storage predictions (green line) from June until December at the Bhumibol (b) and Sirikit (c) reservoir. Blue line represents simulation using observed meteorological data (hindcast). Black dashed line represents rule curve. Dash-point black line represents maximum storage capacity. 
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Figure 7. River discharge predictions at station C2 (a) and storage predictions from July until December at the Bhumibol (b) and Sirikit (c) reservoir, shown with the green line, and river discharge and storage prediction after adaptive operation with predictive data from July until December (red dashed line). 
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Figure 8. River discharge predictions at C2 station (a) and storage predictions from August until December at the Bhumibol (b) and Sirikit (c) reservoir, shown with the green line, and river discharge and storage predictions after adaptive operation with predictive data from August until December (red dashed line). 
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Figure 9. River discharge predictions at C2 station (a) and storage predictions from September until December at the Bhumibol (b) and Sirikit (c) reservoir, shown with the green line, and river discharge and storage predictions after adaptive operation with predictive data from September until December (red dashed line). 
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Figure 10. River discharge predictions at station C2 (a) and storage predictions from July until December at the Bhumibol (b) and Sirikit (c) reservoir, shown with the green line, and river discharge and storage predictions after adaptive operation with predictive data from July until December (orange dashed line). 
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Figure 11. River discharge predictions at station C2 (a) and storage predictions from August until December at the Bhumibol (b) and Sirikit (c) reservoir, shown with the green line, and river discharge and storage prediction after adaptive operation with prediction data from August until December (orange dashed line). 
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Figure 12. River discharge prediction at station C2 (a) and storage prediction from September until December at the Bhumibol (b) and Sirikit (c) reservoir, shown with the green line, and river discharge and storage prediction after adaptive operation with predictive data from September until December (orange dashed line). 
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Figure 13. Comparison of river discharge, showing simulated discharge with PlanU operation in 2011 (green line), simulated discharge with PlanM operation in 2011 (blue line), and simulated discharge: (1) after adaptive operation based on 2011 operations using seasonal predictive data (red line) and (2) after adaptive operation based on PlanM using predictive data (orange line). 
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Table 1. Summary table of data in this study.






Table 1. Summary table of data in this study.





	
Data Type

	
Name

	
Source

	
Resolution

	
Data Length






	
Meteorological forcing data

	
Surface air pressure

	
[29]

	
1/12°

Every 6 h

	
2010–2011




	
Wind speed




	
Specific humidity




	
Shortwave and Longwave radiation




	
Temperature




	
Rainfall

	
Re-analysis 1

	
1/12°

Daily

	
2010–2011




	
ECMWF System 5 rainfall

	
[28]

	
1°

Daily

	
June–October 2011




	
Geographic data

	
Geographic map

	
[30]

	
1/12°

	
-




	
Observed data

	
Discharge at station C2

	
Royal Irrigation Department

	
Daily

	
2011




	
Outflow and at the Bhumibol and Sirikit reservoir

	
Electricity Generating Authority of Thailand (EGAT)




	

	
Dam storage








1 Data were reanalyzed by Prof. Kenji Tanaka et al. using observed precipitation data from the Royal Irrigation Department (RID) and Thai Meteorological Department (TMD).
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