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Abstract  10 

Understanding inflow dynamics in a dam lake forms the basis for optimal dam operation 11 

and management practices. However, methods pertaining to adequately determining 12 

negative inflows and addressing them, as well as quantifying uncertainties in dam inflow, 13 

have been scarcely investigated. In this study, the inflow was observed using two pairs of 14 

fluvial acoustic tomography (FAT) systems placed diagonally in a dam lake, forming a 15 

crossed-shaped pattern. The “travel-time” principle is the primary approach for 16 

measuring the inflow by FAT. The novelty of this study is in discussing the inflow 17 

characteristics within a slow water-flow environment monitored by FAT. Based on the 18 

reciprocal sound transmission, we upgraded an equation to estimate the flow direction; 19 

this newly proposed generalized equation can be used in a fluctuating flow environment. 20 

We also discussed the sound propagation characteristics for slow flow velocities. Finally, 21 

we demonstrated that a small inaccuracy in the acoustic signal, even by a sub-millisecond, 22 
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can cause significant errors in measurements. One of the novel findings of this study is 23 

the detection of internal waves using the improved flow direction equation and acoustic 24 

travel-time records. Overall, this study presents a promising approach for inflow 25 

measurements under extremely slow flow conditions.  26 

 27 

Keywords: Dam lake, Inflow, Hydroacoustics, Slow inflow velocities, Travel-time, Flow 28 

direction.  29 
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1. Introduction 30 

Dams are important hydraulic structures because they have various positive impacts on 31 

the environment (Hariri-Ardebili 2018) through single or multi-purpose functions, 32 

including flood control, water supply, and hydroelectric power generation. However, dam 33 

construction is accompanied by the transformation of a wide range of aquatic ecosystems 34 

and alteration of river flow dynamics. Among the most prominent effects of dam 35 

construction are variations in sediment transport conditions, alteration of river thermal 36 

regime, obstruction of fish migratory patterns, and destabilization of riverine biodiversity 37 

(Allan 2004; Nazeer et al. 2016; Stähly et al. 2019). These effects may continue for many 38 

years, even decades, or constitute a permanent ecohydrological change that may or may 39 

not reach a new equilibrium. Hence, understanding the effects of a dam on upstream and 40 

downstream sites is a key challenge in ecohydrology (Gupta et al. 2012). 41 

Accurate measurement of dam inflow is critical because it allows for optimal planning 42 

and management practices with respect to water resources, particularly for flood control 43 

and power generation. Control strategies for power generation vary for low and high 44 

inflow rates. Similarly, dam flush patterns are scheduled and calibrated based on the 45 

recorded amount of inflow, which differs during dry and rainy days (Ahmad and Hossain 46 

2019). Accurate dam inflow forecasting has been a focal point in recent research studies 47 

(Ahmad and Hossain 2019; Hadiyan et al. 2020). The selection of suitable methods for 48 

accurate inflow forecasting and modeling considerably depends on watershed 49 

characteristics and available data. In this regard, accurate real-time and/or quasi real-time 50 

quantification of stream dynamics is a severe challenge encountered while improving the 51 
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performance of reservoir inflow forecasting, creating physical models of dam inflow, and, 52 

more importantly, regulating the outflow quantities.  53 

Typically, dam inflow is computed using the main water balance method represented by 54 

the following equation: 55 

𝑄𝐼 = 𝑄𝑂 + ∆𝑆∆𝑇 + 𝑄𝐿                                (1) 56 

where QI and QO are the reservoir inflow and outflow, respectively;  ∆𝑆 (∆𝑆 = 𝑆𝑖+1 − 𝑆𝑖 ) 57 

is the difference between the final and initial water storage for the time period ∆𝑇  (∆𝑇 =58 𝑇𝑖+1 − 𝑇𝑖); and QL is the amount of water loss from the reservoir, including that from 59 

evaporation and seepage (Deng et al. 2015). The temporal variation in the reservoir 60 

storage, 𝑆𝑖, is a function of the observed water level, 𝐻𝑖, and can be expressed as 𝑆𝑖 =61 𝑓(𝐻𝑖). Nonetheless, uncertainties exist in the reservoir inflow derived by the main water 62 

balance method as a result of errors in the reservoir stage-storage relationships and water 63 

level measurements (Tao 1999). Stage-storage errors are generated by continuous 64 

alteration in the topography of the reservoir lake due to continuous sediment deposition 65 

mobilized from upstream regions and as a consequence of poor lake bed and terrain 66 

surveying techniques. The limitations of water level monitoring techniques, along with 67 

certain natural influencing factors, such as reservoir waves, induce errors in the water 68 

level records (Deng et al. 2015). 69 

Previous studies aimed to improve reservoir inflow measurements and minimize potential 70 

errors in the inflow estimates using various approaches, such as the ensemble Kalman 71 

filter (EnKF) (Deng et al. 2015), applying the moving average of mean water balance 72 

equation (Budu 2014), and employing remote sensing information for reservoir slope 73 
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storage computation (Suzuki et al. 2008). These studies have led to improvements in the 74 

accuracy of dam inflow quantification; however, additional efforts should be directed 75 

toward improving the precision of reservoir inflow measurement techniques. Likewise, 76 

certain issues related to dam inflow estimation, such as adopting methods to accurately 77 

address and determine the negative inflows and quantify the uncertainties in dam inflow, 78 

have received little attention. 79 

In cases of considerably slow flow environments, such as inflow to a dam lake, measuring 80 

variations in water stage and storage does not reflect sufficient precise information on 81 

real-time inflow dynamics. Alternatively, to acquire an average stream cross-sectional 82 

velocity and the corresponding flowrate, a set of one-point current meters can be installed. 83 

However, this approach cannot be considered practical for long-term measurement in 84 

sites such as dam lakes and may even be obstructed in certain locations due to site 85 

utilization by fisheries or shipping traffic (Zhu et al. 2012). 86 

This study presents findings from a site-based observation of the inflow to a dam lake 87 

obtained using an advanced hydroacoustic tomography system; this study is based on 88 

travel-time principles and discusses the prominent issues observed during our monitoring 89 

program. We aim to answer the following research questions: 1) What kind of information 90 

and knowledge can be derived using underwater acoustic tomography during the slow 91 

flow of controlled reservoir releases? 2) What kind of hydrological processes can be 92 

identified to improve and correct the analytical models for inflow estimation? Our main 93 

objective was to identify the hydrological features that can be deduced from sound 94 

transmission in water within slow flows, rather than developing advanced analytical 95 

models to calculate the accurate inflow values.  96 
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The key contributions of this study are novel in different aspects. First, to the best of our 97 

knowledge, in a scientific sense, cross-sectional average velocity and inflow 98 

measurements in a shallow dam lake (by means of reciprocal sound transmission) have 99 

not been investigated previously. In this study, we observed the temporal variations of 100 

inflow dynamics using crossed acoustic path configurations executed by two pairs of 101 

hydroacoustic tomographic systems with two distinct frequencies, which also offers a 102 

technical novelty to our study. Moreover, we upgraded the determination of flow 103 

direction proposed in a previous study by improving it to determine fluctuating flow 104 

direction. The greatest advantages of hydroacoustics are its speed, functionality, and 105 

accuracy in providing a detailed image, thereby facilitating a reliable understanding of 106 

the hydrological processes that otherwise could not be identified by conventional means 107 

of hydrological systems analysis. 108 

The remainder of this paper is organized as follows. The study area of Haji Dam and 109 

Yachiyo Lake and the methods used in our study are described in Section 2. The results 110 

and discussion are presented in Sections 3 and 4, respectively. Finally, the main 111 

conclusions are presented in Section 5.  112 

2. Materials and methods 113 

2.1. Study area 114 

Field observations were conducted in Haji Dam, a concrete gravity dam located in 115 

Akitakata City, Hiroshima, Japan (Fig. 1). Haji Dam was built on the upstream region of 116 

the Gōno River, which is the main river in Chūgoku area (Hiroshima, Okayama, Shimane, 117 

Tottori, and Yamaguchi.). Its mainstream rises from the mountain region of the 118 
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Kitahiroshima city, runs through Hiroshima and Shimane prefectures, and finally, 119 

discharges into the Sea of Japan near Gōtsu town in Shimane prefecture (Fig. 1a). The 120 

climate of the dam region is generally warm and temperate. The mean annual temperature 121 

is 11.7 °C, and the annual precipitation is approximately 1800 mm. 122 

Table 1. Main specifications of Haji dam and its storage lake (Yachiyo Lake) 123 

Haji Dam specifications 

Dam wall height 50 m 

Dam wall top length 300 m 

Dam mass 210,000 m3 

Catchment area 307.5 km2 

Yachiyo Lake area 2.8 km2 

Full reservoir storage capacity 47,300,000 m3 

Effective water storage capacity 41,100,000 m3 

 124 

Table 1 lists the main characteristics of Haji Dam. The dam serves multiple purposes, 125 

including flood control (specifically during the East Asian rainy season), power 126 

generation, water supply, and irrigation, in Hiroshima prefecture. The lake formed by 127 

Haji Dam is called Yachiyo Lake. As seen in Fig. 1b, the dam lake is stomach-shaped, 128 

thus being an ideal area to monitor slow inflow dynamics and study several hydrological 129 

characteristics.   130 

Fig. 1 a) Location of the observation site; b) map showing Gōno River, Haji Dam, and 131 

Yachiyo Lake; and c) study area map with inflow measurement zone and instrument 132 

positions.  133 

2.2. Methods 134 
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2.2.1. Inflow measurements using fluvial acoustic tomography (FAT) system  135 

In this study, tomographic measurements of inflow at Yachiyo Lake were performed 136 

using a fluvial acoustic tomography (FAT) system. Based on the travel-time approach, 137 

the FAT system is capable of computing the cross-sectional average sound speed in water 138 

(c) and flow velocity along the sound ray path (u). Travel time is the time it takes to 139 

transmit an acoustic pulse from one transducer to the target transducer. Hence, for a pair 140 

of transducers (such as S1 and S2; Fig. 1c), the recorded travel times, 𝑡𝑆1  (i.e., the 141 

transmitted acoustic signal from upstream transducer S1 to the corresponding 142 

downstream transducer S2) and 𝑡𝑆2  (i.e., the transmitted acoustic signal from the 143 

downstream transducer S2 to the corresponding upstream transducer S1), are used to 144 

estimate the cross-sectional average sound speed and velocity along the transmission line 145 

(S1_S2) as follows:  146 

𝑐 = 𝐷𝑆2  ( 1𝑡𝑆1 + 1𝑡𝑆2)                                       (2) 147 

𝑢 = 𝐷𝑆2  ( 1𝑡𝑆1 − 1𝑡𝑆2),                                    (3) 148 

where DS is the oblique distance between transducers S1 and S2. Accordingly, the inflow 149 

using FAT can be estimated as: 150 

𝑄𝐹𝐴𝑇 = 𝑢𝑆  ×  𝐴𝑆 ×  tan𝜃1                       (4) 151 

AS is the cross-sectional area along transmission line S1_S2, and θ1 is the angle between 152 

transmission line S1_S2 and the inflow direction. Although several approaches can be 153 

used to estimate the flow direction of the FAT system (Al Sawaf et al. 2020), we used 154 

two crossed-path configuration approaches to estimate the flow direction.  155 
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A dam lake is an ideal area for analyzing sound transmission; however, to overcome 156 

obstacles encountered with sound propagation in water and attain precise data recording, 157 

the acoustic carrier signal is modulated using a maximum-length sequence (M-sequence), 158 

and the received signal is considered to be a set of multipath signals with the same arrival 159 

time. Hence, selecting the cross-correlation of the received signal with a replica of the 160 

transmitted signal is similar to sending a single strong pulse. The M-sequence is a type of 161 

pseudorandom signal, by which the phase shift of 𝜋 in the carrier is produced at varying 162 

time intervals (Simon MK, Omura JK 1985). 163 

The FAT system consists of a pair of processing units connected to underwater acoustic 164 

transducers. The main operation settings of the FAT systems used in this experiment are 165 

summarized in Table 2. In this study, two pairs of FAT systems were placed diagonally 166 

on the lake banks, forming a cross-shaped pattern, as shown in Fig. 1c. Figure 1c also 167 

shows the placements of the FAT transducers during the observation period. In this study, 168 

two different transmission frequencies were used to monitor the inflow dynamics, with 169 

different transmission rates. Along S1_S2, the transmission frequency was 53 kHz with 170 

a transmission rate of 10 s, whereas T1_T2 was accomplished using a 30 kHz 171 

transmission frequency at a transmission rate of 30 s, and both transducers served the dual 172 

function of transmitting and receiving acoustic signals.  173 

At the beginning of the observation period, the water in the dam lake was deep; thus, all 174 

transducers were installed approximately 1.5 m below the water surface and suspended 175 

on floating boats. The floating boats were poised using nearby trees and/or rocks. At the 176 

end of each transducer, a counterweight was fixed to prevent the transducer from drifting 177 

in the event of unexpectedly high inflow velocities.  178 
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Table 2. Main operation settings of fluvial acoustic tomography systems 179 

Station Transmission 

frequency 

Transducer type Signal 

transmission 

rate 

Length 

between 

stations 

Expected 

arrival time* 

(milliseconds) 

S1_S2 53 kHz Omnidirectional 

broadband 

transducers (T226, 

Neptune Sonar Ltd) 

Each 10 s 253.04 m 174.5 ms  

T1_T2 30 kHz Omnidirectional 

broadband 

transducers (T257, 

Neptune Sonar Ltd) 

Each 30 s 287.50 m 198.2 ms 

*Assuming that the sound speed in freshwater environment is 1450 m/s 180 

There are several reasons for using two distinctive frequencies. First, a new generation of 181 

the FAT system was developed in our laboratory; therefore, to assess the performance of 182 

this version within slow inflow velocities, two central frequencies were tested. Second, 183 

based on our experience with hydroacoustic tomography in rivers, we hypothesize that a 184 

higher transmission frequency can perform outstandingly in cases of slow water velocity. 185 

In addition, shorter acoustic paths (e.g., S1_S2) entail higher frequencies and vice versa. 186 

Furthermore, we used a cross-shaped acoustic path to determine the continuous 187 

measurements of the inflow direction (θ1 and θ2), as depicted in Fig. 2. This monitoring 188 

pattern would be beneficial for tracking slow and fluctuating inflow directions and 189 

detecting any period of negative inflows that could be encountered during the discrete 190 

opening and closing of the dam gate. Additional details regarding the flow angle 191 

estimation are provided in Section 2.2.2.  192 
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2.2.2. Determination of the inflow direction acquired using cross-shaped acoustic path 193 

configuration 194 

Bahreinimotlagh et al. (2016) proposed the following equation for determining flow 195 

direction:  196 

𝑄𝑆1𝑆2 = 𝑄𝑇1𝑇2,                                     (5) 197 

𝑢1  ×  𝐴1 ×  tan𝜃1 = 𝑢2  ×  𝐴2 ×  tan𝜃2               (6) 198 

where QS1S2, u1, and A1 are the discharge, velocity, and cross-sectional area along S1_S2, 199 

respectively; QT1T2, u2, and A2 are the discharge, velocity, and cross-sectional area along 200 

T1_T2, respectively; and θ2 is the angle between transmission line T1_T2 and the inflow 201 

direction. As illustrated in Fig. 1c, ∅1 = 𝜃1 + 𝜃2 is the angle formed by the transection 202 

of the two acoustic paths; therefore, it is substituted in Eq. (6) as follows: 203 

𝜃1 = tan−1 (𝑢1  ×  𝐴1𝑢2  ×  𝐴2 × tan(∅1 − 𝜃1))               (7) 204 

In essence, θ1 requires an iteration-solving approach; therefore, using trigonometric 205 

expansion, Eq. (7) can be explicitly expressed as follows: 206 

𝜃1 = cos−1(  
 12√√2cos(∅1)√𝑢12 𝐴12+cos (2∅1)(𝑢1  𝐴1−𝑢2 𝐴2)2+6 𝐴1 𝐴2 𝑢1 𝑢2+𝑢22 𝐴22+cos(2∅1)(𝑢2 𝐴2−𝑢1 𝐴1)+3𝑢1 𝐴1+𝑢2 𝐴2 𝑢1 𝐴1+𝑢2 𝐴2 )  

 (8)  207 

Equation (8) is limited to unidirectional flow from upstream to downstream. 208 

Consequently, to improve the equation representability, ∅1  or ∅2  must be carefully 209 

selected based on the flow direction. This can be accomplished by considering the 210 
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difference between the arrival times of each pair of transducers and selecting proper 211 

geometrical axes, as illustrated in Fig. 2. In the case of Fig. 2d, both velocities along 212 

S1_S2 and T1_T2 were positive; therefore, according to Eq. (3), in this case 𝑡𝑆1 < 𝑡𝑆2, 213 𝑡𝑇1 < 𝑡𝑇2 and ∅1 = 𝜃1 + 𝜃2. Thus, the current direction can be inferred to be in the 4th 214 

quadrant (Q4) of the x shape. Likewise, if 𝑡𝑆1 > 𝑡𝑆2and 𝑡𝑇1 > 𝑡𝑇2, ∅1 = 𝜃1 + 𝜃2, but in 215 

this case, both velocities were negative (Fig. 2b), and the direction was in the 2nd quadrant 216 

(Q2). However, if 𝑡𝑆1 > 𝑡𝑆2  and 𝑡𝑇1 < 𝑡𝑇2  (i.e., Q1) or 𝑡𝑆1 < 𝑡𝑆2  and 𝑡𝑇1 > 𝑡𝑇2  (Q3), 217 

then ∅2 = 𝜃1 + 𝜃2 (Figs. 2a, 2c). 218 

 219 

Fig. 2 Visualization of flow direction over proposed axes 220 

according to recorded arrival times  221 

 222 

2.3. Auxiliary measurements  223 

The temporal variations in the mean water level and water temperature were acquired 224 

every 5 min using a HOBO®_U20 level-temperature logger attached to the bridge 225 

column (see “WL” Fig. 1c). The bed topography survey along the two cross-sections 226 

(S1_S2 and T1_T2) was conducted using an autonomous boat equipped with GPS and a 227 

single-beam echo sounder at a frequency of 200 kHz (resolution of 0.01 m). The time 228 

series of the cross-sectional area along S1_S2 and T1_T2 were evaluated by computing 229 

the integration between the riverbed and the time series of the average water level 230 

observed by the water level logger. 231 
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Water temperature profiles were collected using CastAway [a conductivity-temperature-232 

depth (CTD) logger] at different locations in the lake (P1, P2, P3, and P4 in Fig. 1c) on 233 

October 19, 2020 (fall) and December 2, 2020 (early winter). 234 

Finally, the records of water level, storage, inflow, and outflow were provided by the Haji 235 

Dam Monitoring Office (HDMO) and used for further analyses and comparisons. The 236 

inflow at Haji Dam was measured using the main water balance approach, where the 237 

water level was measured continuously every 10 min using a quartz-type water-level 238 

gauge monitoring unit. 239 

Our observation started on November 18, 2020 and ended on December 5, 2020. Owing 240 

to certain difficulties related to site accessibility due to severe climate and the restrictions 241 

influenced by the COVID-19 pandemic, certain tomographic records could not be 242 

obtained before November 30, 2020. No rainfall was observed during the study period. 243 

3. Results  244 

3.1. Time series of water level, storage, and water temperature during the 245 

observation period 246 

The temporal variation at the water stage, as measured by the HDMO, is plotted in Fig. 247 

3a and was consistent with the readings obtained by the water level-temperature logger. 248 

In general, both water level records are highly comparable to each other, even though the 249 

HDMO dataset resolution was 10 min, while the water level logger was set to 5 min. 250 

Figure 3a shows that the water stage at the dam lake exhibited a daily steady increment 251 

estimated at 8 cm. Nonetheless, HDMO performs a scheduled water release for 5 h every 252 

afternoon, resulting in approximately 0.5% storage reduction per day (Fig. 3b).  253 
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Fig. 3 Time series plots of a) mean water level recorded by Haji Dam Monitoring 254 

Office (HDMO; red) and water level-temperature sensor (black), b) temporal variation 255 

of storage, and c) average water temperature. Releasing periods are shaded in blue 256 

 257 

The water temperature recorded by the water level temperature logger is presented in Fig. 258 

3c. Notably, water temperature was almost constant during the study period. As seen in 259 

Fig. 3c, the water temperature during the observation period was ~12 ℃; however, on the 260 

last day, the water temperature dropped drastically because water storage near the sensor 261 

was low. 262 

3.2. Hydroacoustic measurements 263 

3.2.1. Arrival time records  264 

As depicted in Figs. 4a and b and Figs. 5a and b, samples of the stack plots for the cross-265 

correlation pattern signals were transmitted from the downstream transducer to the 266 

upstream transducer and vice versa for S1_S2 and T1_T2, respectively. The diagrams are 267 

shown at 5 min intervals and two main groups of arrival times, with a difference of 268 

approximately 0.35 ms for the 53-kHz system. However, in the case of the 30-kHz system, 269 

only one primary arrival group is observed, whereas multiple arrival peaks are evident in 270 

Fig. 5b, with an approximate difference of 1 ms.  271 

In this study, the first arrival peak from each cross-correlation signal was selected, and 272 

the corresponding arrival times for the downstream (i.e.,  𝑡𝑆2  and 𝑡𝑇2 ) and upstream 273 

transducers (i.e., 𝑡𝑆1 and 𝑡𝑇1) are identified in Figs. 4c, 5c, 4d, and 5d, respectively, to 274 

compute the velocity and water inflow. The discontinuities in the arrival time series data 275 

indicate that these readings could not be selected because the recorded signal was 276 
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extremely weak. In other words, either the largest peak of each correlated signal did not 277 

satisfy an acceptable signal-to-noise-ratio (SNR) threshold (10 dB), or it was 278 

considerably scattered, and therefore, the arrival peak could not be defined accurately.  279 

Fig. 4 Arrival time records of 53-kHz system: sample of stack diagram of correlated 280 

signals recorded on December 1, 2020, with a 5-min interval, (a) blue dots are the 281 

selected peaks of the arrival times downstream and (b) red dots are the selected peaks of 282 

the arrival times upstream. Time series plots of arrival times (in ms) obtained by (c) the 283 

downstream (black) and (d) upstream (gray) transducers 284 

Fig. 5 Arrival time records of 30-kHz system: sample of stack diagram of correlated 285 

signals recorded on December 1, 2020, with a 5-min interval, (a) blue dots represent 286 

selected peaks of arrival times downstream, and (b) red dots represent selected peaks of 287 

arrival times upstream. Time series plots of arrival times (in ms) obtained by (c) 288 

downstream (black) and (d) upstream (gray) transducers  289 

 290 

Remarkably, the recorded arrival times in Figs. 4c–d, and Figs. 5c–d ranged within the 291 

expected values presented in Table 2. The arrival times fluctuated during the day and 292 

night because of daily temperature variations. Once the arrival time records were defined, 293 

the water velocity, flow direction, and inflow by FAT were calculated using Eqs. (2) and 294 

(8).  295 

3.2.2. Inflow velocity  296 

The velocity resolution (ur) of the FAT can be estimated using Eq. (9) (also see Fig. 6): 297 

𝑢𝑟 = 𝑐𝑚2  4 × 𝑅 × 𝑓                                 (9) 298 
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where f is the transducer frequency, R is the ray length (m), and cm = 1450 m/s. Figure 6 299 

demonstrates that the velocity resolution obtained by 53 kHz is 1.5 times greater than the 300 

velocity obtained by the 30-kHz transducer (in the case of our transmission lengths). In 301 

the present study, the velocity resolution acquired by f = 53 kHz (approximate ray length 302 

along S1_S2 = 253.04 m) and f = 30 kHz (approximate ray length along T1_T2 = 287.5 303 

m) is 0.039 m/s and 0.06 m/s, respectively.  304 

Fig. 6. Velocity resolution of fluvial acoustic tomography (FAT) as a function of 305 

acoustic ray length and transducer frequency; green and red dots denote velocity 306 

resolution in accordance with distance and frequency for S1_S2 and T1_T2, 307 

respectively 308 

Kawanisi et al. (2012) revealed that the reliability of the FAT records increases as the 309 

square root of the number of samples per ensemble increases. Hence, to decrease the 310 

uncertainty of the FAT records, 60 samples in the case of 53 kHz (owing to the high 311 

transmission rate, i.e., 10 s individually) and 30 samples in the case of 30 kHz were 312 

averaged in this study. Consequently, the uncertainty caused by the low velocity 313 

resolution could be reduced to 
0.04√60=0.5 cm/s and 

0.06√30 =1 cm/s for 53 kHz and 30 kHz, 314 

respectively.  315 

Figures 7a and 7b show the temporal variations in the cross-sectional mean velocities 316 

along S1_S2 and T1_T2, respectively. The cross-sectional average velocity along S1_S2 317 

was evidently very slow during the investigation period, with apparent positive and 318 

negative fluctuations. Gaps in the velocity time series were generated because the original 319 

arrival times were not recorded or were unreliable.  320 
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Fig. 7 Mean average velocity along transmission lines: (a) S1_S2 (black), and (b) 321 

T1_T2 (red). Releasing periods are highlighted in blue 322 

Similarly, the cross-sectional average velocity along T1_T2 was nearly constant, with 323 

positive and negative fluctuations observed until the late morning of December 2, 2020. 324 

However, the velocity became completely positive from the afternoon of the same day 325 

along T1_T2 and S1_S2, which was expected because of the continuous water release 326 

compared to the lower inflow rate. In fact, post December 4, 2020, the water level at the 327 

dam lake had declined significantly near the left bank, particularly at T2, as illustrated in 328 

the cross-sectional profile shown in Fig. 10b; therefore, the transducer and floating boat 329 

remained almost dried on the bank, and consequently, reliable reciprocal sound 330 

transmission along T1_T2 could not be accomplished afterwards. At midday on 331 

December 2, 2020, the velocity was not determined because the battery voltages at T1 332 

and S2 dropped and were replaced. The velocity data were processed using the mean filter 333 

technique. This technique involves removing local variations caused by rough readings 334 

and minimizing noise levels. To evaluate the mean filter of a dataset, every point is 335 

replaced by the mean value in its range (r) neighborhood. Hence, in the case of the 336 

velocity obtained by the 53 and 30-kHz datasets, 60 and 30 points were used during the 337 

filtering process, respectively.  338 

3.3.Detection of flow direction and inflow estimation by fluvial acoustic tomography 339 

(FAT)  340 

 Owing to the difference in the velocity resolutions, only the computed flow direction and 341 

inflow of optimal data records are shown. The water flow direction was computed 342 

according to the main assumptions proposed in Section 3.2 and illustrated in Fig. 2.  343 
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Figure 8a presents the temporal variations in the ensemble-averaged inflow direction 344 

between November 30, 2020 and December 1, 2020. In this figure, the flow direction 345 

across S1_S2 is marked with four colors. These colors indicate the water direction over a 346 

corresponding quadrant, according to the assumptions given in Section 2.2.2. Overall, the 347 

absolute mean flow direction was 21.47°, and this value varied in different directions. 348 

The findings in Fig. 8a reveal that the water direction mainly varied between Q1 and Q2.  349 

Fig. 8 Time series plots of a) water flow (inflow) direction according to its 350 

corresponding quadrant, b) inflow estimated by fluvial acoustic tomography (FAT) 351 

(black) and by HDMO (red), and outflow acquired by Haji Dam Monitoring Office 352 

(HDMO; blue), and c) inflow by acquired by FAT using the mean flow direction θ = 353 

21.47° (black) and by HDMO (red), and outflow by HDMO (blue); Releasing period is 354 

highlighted in blue 355 

Figure 8b shows the temporal variations in the inflow acquired by FAT estimated from 356 

Eq. (4) compared to those estimated by the HDMO. The inflow estimated by FAT and 357 

that recorded by the HDMO on December 30, 2020 during release and very low release 358 

conditions are moderately comparable with each other, with considerable variations in a 359 

few periods. The large inconsistencies between FAT and HDMO estimates can be 360 

attributed to the low resolution of velocity estimates by FAT (specifically for 30 kHz), 361 

which decreased the accuracy of angle determination, or due to uncertainties in the stage-362 

storage term in the main water balance method for inflow calculation. Another possible 363 

reason is the limitation of acoustic records in accurately determining the flow direction 364 

under slow flow conditions, particularly during the transition of the water direction from 365 

one quadrant to another. 366 
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Alternatively, considering the absolute mean value of the inflow direction as a fixed value 367 

for inflow estimation using FAT (i.e., 𝜃1 = 21.47°), the inflow rate estimated by FAT is 368 

highly comparable to that reported by the HDMO, as depicted in Fig. 8c. 369 

3.4. Lake thermal stratification 370 

Thermal stratification is among the most important hydrological processes in lake 371 

hydrodynamics. Figures 9a and 9b show the temperature along the water columns 372 

measured at P1 to P4 (Fig. 1c) during fall and early winter, respectively. The seasonal 373 

conditions are evidently influential. In other words, thermal stratification was observed 374 

to be strong during the fall. The vertical temperature difference in the water surface within 375 

a depth of 3 m was approximately 1.5 °C. However, the temperature dropped drastically 376 

beyond 3 m (∆𝑇 ≈4.5 °C) compared to the epilimnion temperature and averaged 18.25 °C. 377 

However, during early winter, the vertical difference between the temperature of the 378 

epilimnion and hypolimnion was approximately (∆𝑇  ≈2.5 °C) and generally at an 379 

average of 11.5 °C.   380 

Given that the mean air temperatures near the lake area (recorded on the same days when 381 

the lake temperature measurements were taken) were 18.86 °C and 9.9 °C, and the diurnal 382 

fluctuations of air temperature can also be considered as another controlling factor.  383 

The strong thermal stratification in the fall compared to that in winter can be attributed to 384 

the strong solar radiation in the fall and the continuous exchange of heat flux on the water 385 

surface, enabling continuous energy accumulation in the lake (Yang et al., 2018). 386 

However, overcast weather coupled with strong winds that occur during winter creates 387 

some stirring and partial homogenization of the water in the lake. Moreover, penetrative 388 
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convection occurs more easily at night, resulting in a decrease in the lake water 389 

temperature and an additional degree of vertical mixing (Fig. 9b). 390 

Fig. 9 Temperature profiles along water columns measured at P1, P2, P3, and P4, 391 

during (a) fall and (b) early winter 392 

4. Discussion 393 

4.1.Hydrodynamics in light of hydroacoustics measurements 394 

The fundamental difference between a river and a lake is that the flow velocity of a lake 395 

is far weaker and is not driven by gravity. In addition, the dynamic processes in a dam 396 

lake are diverse and differ from those in rivers. 397 

As demonstrated in this study, the travel-time principle is the backbone of the 398 

tomographic measurements obtained using the FAT system. Reciprocal acoustic pulses 399 

were triggered from both transducers concurrently, and the arrival times were determined 400 

from the cross-correlation patterns. Accordingly, the velocity and discharge were 401 

estimated using Eqs. (3) and (4), respectively.  402 

The basic approach toward selecting the arrival times for upstream and downstream 403 

stations is to select the greatest arrival peak for each correlation pattern (Chen et al. 2018). 404 

However, Al Sawaf et al. (2020) found that found that implementing this approach is 405 

imprecise. In this study, we observed certain periods of single arrival peaks and others of 406 

double or multiple arrival peaks, where the largest arrival peak was observed in the 407 

second group, as demonstrated in Figs. 4a, 4b, 5a, and 5b.  408 
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Two interesting concerns emerged from these results. The first concern is regarding the 409 

certain periods showing only a single arrival peak, while other periods showing double 410 

or multiple arrival peaks. The second concern is with respect to determining the arrival 411 

peak to be selected for calculating the mean cross-sectional velocity when multiple arrival 412 

peaks instead of a single peak, is encountered. With respect to the first concern, the sound 413 

propagation of acoustic signals in shallow water environments is affected by several 414 

factors, including bed material, bathymetry shape, presence of composite layer 415 

stratifications of salinity, and different temperature layers (Nguyen et al., 2009; Thorne, 416 

1998). The main hindrance for hydroacoustics experts is determining the exact path of 417 

each triggered signal from a transmitter to receiver along the acoustic path because of the 418 

above-mentioned features that control sound propagation in water. However, a simulation 419 

for sound ray propagation along the transmission line can illustrate the behavior of a 420 

transmitted acoustic ray in water. To accomplish this task, we used the method proposed 421 

by Dushaw (1998) for acoustic ray simulation: 422 

𝑑𝛽𝑑𝑟 = 𝜕𝑐𝜕𝑟 1𝑐  tan 𝛽 − 𝜕𝑐𝜕𝑧 1𝑐                     (10a) 423 

𝑑𝑧𝑑𝑟 = tan𝛽                                              (10b) 424 

𝑑𝑡𝑑𝑟 =  1𝑐  Sec 𝛽                                          (10c) 425 

where 𝛽 is the angle of the sound ray estimated from the horizontal and vertical axes, i.e., 426 

r and z, respectively; c is sound speed; and t is the time.  427 
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Ray simulations were performed for water temperature measurements collected during 428 

early winter, as depicted in Fig. 9b. Figure 9b reveals that the temperature difference 429 

between the epilimnion and hypolimnion can be estimated as 2.5 °C. In other words, the 430 

sound speed at the bottom levels dropped by at least 10 m/s from the upper layers, as 431 

shown in Fig. 10. The speed of sound in the water was computed using Eq. (11) proposed 432 

by (Medwin 1975) as a function of water depth D (m) and temperature T (°C), whereas 433 

in fresh water, the salinity (S) term was insignificant.  434 

𝑐 =  1449.2 + 4.6𝑇 − 0.055𝑇2 +  2.9 × 10−4 𝑇3 + (1.34 − 0.01𝑇) (𝑆 − 35)435 + 0.016𝐷                                                                                                          (11) 436 

Fig. 10 Ray simulated patterns along cross-sections of (a) S1_S2 and (b) T1_T2 437 

 438 

Figure 10 and Table 3 present some interesting results. Along the transmission line S1_S2, 439 

two arrival groups can be identified; the difference between the first arrival peak and the 440 

second arrival peak was 0.27 ms, which is consistent with our observations. Likewise, 441 

three arrival groups can be observed along T1_T2. The time difference between the first 442 

arrival peak and the second arrival peak was 0.78 ms, which is also consistent with our 443 

recorded signals.  444 

Table 3. Results of ray simulation along S1_S2 and T1_T2 445 

Transmission line: S1_S2 

Group 

number 

Ray length 

(m) 

Arrival time 

(ms) 

Difference with 

the first arrival 

time (ms) 



23 

 

Group I 

(Black) 

253.82 173.74 0 

Group II 

(Red) 

254.18 174.03 0.29 

Transmission line: T1_T2 

Group I 

(Black) 

288.42 197.65 0 

Group II 

(Red) 

289.80 198.43 0.78 

 446 

The thermal stratification of the lake indicates that even in the case of relatively low 447 

temperature differences between the epilimnion and hypolimnion during winter, as shown 448 

in Fig. 9b, the cold temperature of the hypolimnion acts as a shield that obstructs and 449 

weaken sound from reaching the warmer layers of the epilimnion for obtaining the largest 450 

peak clearly as shown in Fig. 10. Figure 3b also shows that, remarkably, when water 451 

release reached 15 m3/s, the water temperature in the lake did not decrease rapidly. This 452 

suggests that water release at this rate neither yields a notable feature nor causes apparent 453 

thermal mixing.  454 

To holistically elucidate the observed arrival groups along the two transmission lines with 455 

respect to different water temperatures, the arrival times were estimated using the sound 456 

speed values. The corresponding arrival times can be calculated by substituting the water 457 

temperature readings obtained by the CTD (Fig. 9b) into Eq. (11). Hence, sound speeds 458 

at –1 m and 3.8 m were 1456.35 m/s and 1448.90 m/s, respectively; the arrival times 459 

are presented in Table 4. Notably, the calculated arrival times are comparable to the 460 
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simulated values listed in Table 3. Hence, the effect of different temperature layers on 461 

generating multi-arrival peaks is elucidated.  462 

Table 4. Arrival times estimated using Eq. (10) along two different temperature layers 463 

Depth 

(m) 

Temperature 

(℃) 

Sound 

speed 

(m/s) 

Arrival time (ms) = 

𝑇𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚)𝑆𝑜𝑢𝑛𝑑 𝑆𝑝𝑒𝑒𝑑 (𝑚/𝑠) ∗ 1000 

S1_S2 T1_T2 

–1.00 12.57 1456.42 173.7 197.40 

–3.80 10.63 1449.11 174.6 198.4 

 464 

The second concern emerges from these findings: which arrival peak should be selected 465 

for the estimation of water velocity and discharge when multiple (instead of single) arrival 466 

peaks are encountered (the first or delayed arrival peak)? Initially, various arrival time 467 

groups were observed along S1_S2 and T1_T2. Nevertheless, in most cases, the received 468 

signals from the cross-correlation patterns only showed one apparent single peak located 469 

within the range of the first group, and some of the recorded signals showed double or 470 

multiple peaks, where one peak appeared within the range of the first group (i.e., peaks 471 

located along the red and blue peaks shown in Figs. 4a, 4b, 5a, and 5b), and the largest 472 

peak arrived later. Therefore, we presumed the first peak to be desirable and not 473 

necessarily the largest one. However, for a concrete demonstration, we estimated the 474 

mean cross-sectional water temperature using the FAT system along T1_T2. In this 475 

scenario, we used the arrival times of the first and delayed arrival peaks to estimate the 476 

mean water temperature and then, compared the results to the temperature records 477 

obtained by the water level-temperature logger, as shown in Fig. 11.  478 
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The different arrival time groups observed along T1_T2 in Fig. 11a were used to estimate 479 

the sound speed using Eq. (12), and the mean water temperature along the transmission 480 

line was determined by substituting the sound speed obtained by the FAT in Eq. (11). 481 

𝑐 = 𝑅𝑖2  × ( 1𝑡𝑇1 + 1𝑡𝑇2)                                         (12) 482 

where Ri is the ray length obtained from the ray simulation in Table 3 (i.e., R1 = 288.42 483 

m and R2 = 288.9 m) because ray length is a function of water temperature and bathymetry 484 

shape.  485 

 The trivial difference (i.e., 1 ms) between the first and delayed arrivals, as shown in Fig. 486 

11a, resulted in a temperature difference estimated to be approximately 0.5 °C, which is 487 

sizeable (see Fig. 11b); therefore, our assumption with respect to using the first arrival 488 

peak appears to be valid.  489 

Fig. 11 a) Sample of arrival times with first and delayed arrival peaks and b) time-series 490 

for mean water temperature estimated by FAT at 30 kHz (red) compared to mean water 491 

obtained by water level-temperature logger (black) 492 

 493 

4.2. Internal waves 494 

One of the novel findings of this monitoring program was the ability to detect internal 495 

seiches using a crossed acoustic path scheme (Fig. 8a). To illustrate this, Fig. 8a shows 496 

the temporal variations in the flow direction; however, the flow mainly fluctuated 497 

between the first and second quadrants (Q1 and Q2) over a period of approximately 3 h. 498 

This phenomenon can be attributed to internal seiches in the lake and may have caused 499 

the difference between the densities of the epilimnion and hypolimnion as a result of 500 
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inflow pulses into the lake. Mortimer (1952) stated that if exposing a stratified lake with 501 

different densities at the epilimnion, 𝜌𝑒, and hypolimnion, 𝜌ℎ,  to a steady wind, the 502 

surface water moves toward the leeward bank due to frictional drag and wave action. The 503 

wind generates a slope on the lake surface uphill in the same direction as the wind, 504 

causing a return flow in the lower part of the epilimnion. Simultaneously, a sizable tilt 505 

forms at the interface opposite to the surface tilt; this is accompanied by a thermocline 506 

slope. In a two-layer stratified lake, the period (P) of the seiche can be estimated as 507 

follows: 508 

𝑃 = 2 × 𝐿√𝑔 × {(𝜌ℎ − 𝜌𝑒)/(𝜌ℎℎℎ + 𝜌𝑒ℎ𝑒)}                        (13) 509 

where L is the length of the water body; g is the acceleration of gravity; and ℎ𝑒and ℎℎ are 510 

the average thicknesses of the epilimnion and hypolimnion layers, respectively. Upon 511 

substituting the average density values of the epilimnion and hypolimnion obtained from 512 

the CTD, the internal wave period was calculated to be 3 h, which confirms our 513 

assumptions. 514 

4.3.Performance of inflow acquired by fluvial acoustic tomography (FAT) system 515 

To verify the performance of the inflow acquired by FAT (QFAT), four transects were 516 

conducted as another independent technique along the direct line between the right and 517 

left banks at points (R) and (L) using a Teledyne RDI Workhorse Monitor ADCP (QADCP) 518 

operating at 1228.8 kHz, as shown in Fig. 1c. The data obtained via the QADCP appear to 519 

be comparable to those obtained via QFAT and QHDMO, as shown in Fig. 12a. The difference 520 

among the three methods (QFAT, QHDMO, and QADCP) is not very significant, considering 521 
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we worked with considerably slow velocities. Hence, the velocity, to the best of our 522 

knowledge, was within the limit of most velocity-measuring instruments. The velocity 523 

resolution of the acoustic doppler current profiler (ADCP) can be made reliable by 524 

averaging a large set of ping data. Unfortunately, we were unable to use a bottom-fixed 525 

ADCP because the dam lake was utilized by certain local fishermen. In addition, 526 

deploying a fixed ADCP above the accumulated sediments in the center of the lake was 527 

unsafe.  528 

In the absence of a reliable inflow monitoring method, we cannot accurately verify the 529 

ultimate performance of the FAT system. Figure 12b reveals a type of low resolution 530 

associated with dam inflow records obtained by the HDMO, compared with the measured 531 

stage. Therefore, the monotonous inflow behavior can be understood by observations 532 

made using the HDMO.  533 

Fig. 12 a) Comparison between inflow acquired by fluvial acoustic tomography (FAT; 534 

black), Haji Dam Monitoring Office (HDMO; red), acoustic doppler current profiler 535 

(ADCP; green), and outflow by HDMO (blue), and b) association between stage and 536 

inflow as recorded by HDMO 537 

 538 

4.4.Comparison with previous studies and scope for future research 539 

Most of the previous monitoring applications via the FAT system were accomplished 540 

using a 30 kHz transmission frequency. However, the 30-kHz system has a certain range 541 

of transmission length between a pair of transducers, and the minimum water depth must 542 

exceed ~0.5 m for effective use (Razaz et al. 2015). Consequently, in 2016, the first 543 

version of the FAT system that can be operated using 53 kHz frequency was developed 544 
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for use in relatively shallower and narrower streams, with higher velocity resolution. 545 

Bahreinimotlagh et al. (2016) performed the first discharge monitoring via a cross-546 

transmission configuration using one pair of 30-kHz systems and another of 53-kHz 547 

systems in a mountainous river. Their findings confirmed that the velocity resolution was 548 

augmented twice when using 53 kHz, with a minimum recorded value of 0.2 m/s. 549 

Recently, (Al Sawaf et al. 2020) successfully acquired accurate river velocity for very 550 

shallow conditions using a 53-kHz system. The minimum acquired velocity was 0.1 m/s 551 

(obtained for a cross-section), with a minimum depth of 28 cm. 552 

In the current observation, two different frequencies were used in a very slow flow 553 

condition. Figures 6 and 7 demonstrate that the current velocities captured at 53 kHz seem 554 

to be more precise than those obtained at 30 kHz, with a mean absolute cross-sectional 555 

velocity of 1.5 cm/s, which is a significant accomplishment.   556 

The precision of the hydroacoustic measurements depends substantially on determining 557 

the exact arrival time, and even a mistake as tiny as a sub-millisecond can generate 558 

enormous errors. Hence, the FAT system can provide reliable measurements even in 559 

extremely slow water-velocity environments. As seen in Fig. 11, the delayed arrival times 560 

resulted in increased temperatures compared to the first arrival times.  561 

Another interesting feature in this study is that we improved the flow direction approach 562 

proposed by Bahreinimotlagh et al. (2016) for use in different situations. Our improved 563 

approach is flexible and appropriate for determining the flow direction not only in cases 564 

of dam inflow but also in various circumstances, such as tidal rivers (wherein the flow 565 

shifts from landward to seaward and vice versa), and can clarify the occurrence of 566 
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negative inflow periods. However, we used the temporal variations of the ensemble 567 

inflow direction because we assumed that the reservoir inflow direction would not vary 568 

significantly over a short period.  569 

Although some of our findings are preliminary, our results are encouraging. The FAT 570 

system is capable of capturing flow direction and water velocity; therefore, future studies 571 

should consider longer periods to determine the linkage between a fluctuating inflow, 572 

while maximizing power generation capacity.  573 

Moreover, future studies should examine the hysteresis relationship of the variation in the 574 

water flow direction during the opening and closing of the dam gate. Additionally, the 575 

relationship between flow direction and inflow velocity can be used to propose another 576 

superior equation to supplement the traditional water balance equation because this 577 

information captures the velocity along the flow direction in the entire cross-section 578 

rather than in a small portion (H-ADCP). 579 

Finally, future research should utilize the findings of this study to improve existing 580 

analytical models and seek the most accurate inflow quantities using the travel-time 581 

principle of underwater acoustics.  582 

5. Conclusions 583 

The ability to acquire reliable real-time and continuous records of flow data can facilitate 584 

optimal utilization of water resources, elucidate hydrologic information, and allow for 585 

optimal ecological and societal outcomes. In this study, we observed the water inflow to 586 

a dam lake using the FAT system, based on the travel-time approach. The main goal of 587 

this study is to offer a practical and reliable monitoring approach for understanding the 588 
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inflow to a lake, investigating the behavior of underwater acoustic communications 589 

within very slow flow environments, and analyzing the related hydrological processes. 590 

Two pairs of FAT systems were placed diagonally upstream of a dam lake at two different 591 

frequencies. We upgraded the flow direction estimation based on travel-time behavior. 592 

Additionally, we discussed the importance of using accurate tomographic data in inflow 593 

monitoring and demonstrated that a small mistake in tomographic records (even by a sub-594 

millisecond) could generate substantial errors.   595 

Generally, inflow monitoring based on the travel-time approach appears to be practical 596 

and can be considered as a promising and competitive application. In this study, the flow 597 

direction was continuously deduced via reciprocal sound transmission using a cross-598 

configuration transmission, and the flow direction equation was improved for 599 

applicability to a fluctuating water flow environment. However, the precision of the 600 

values is a function of velocity resolution. Our findings reveal that the smallest mistake 601 

in selecting the exact arrival times (even by a sub-millisecond) can generate a substantial 602 

error. Hence, the FAT system can yield reliable measurements. An interesting study 603 

finding is the ability of the FAT system to detect the presence of internal waves (i.e., 604 

seiches) based on the travel-time approach and upgraded flow direction equation.  605 
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Figures

Figure 1

a) Location of the observation site; b) map showing Gōno River, Haji Dam, and Yachiyo Lake; and c)
study area map with in�ow measurement zone and instrument positions Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion



whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.

Figure 2

Visualization of �ow direction over proposed axes according to recorded arrival times



Figure 3

Time series plots of a) mean water level recorded by Haji Dam Monitoring O�ce (HDMO; red) and water
level-temperature sensor (black), b) temporal variation of storage, and c) average water temperature.
Releasing periods are shaded in blue



Figure 4

Arrival time records of 53-kHz system: sample of stack diagram of correlated signals recorded on
December 1, 2020, with a 5-min interval, (a) blue dots are the selected peaks of the arrival times
downstream and (b) red dots are the selected peaks of the arrival times upstream. Time series plots of
arrival times (in ms) obtained by (c) the downstream (black) and (d) upstream (gray) transducers



Figure 5

Arrival time records of 30-kHz system: sample of stack diagram of correlated signals recorded on
December 1, 2020, with a 5-min interval, (a) blue dots represent selected peaks of arrival times
downstream, and (b) red dots represent selected peaks of arrival times upstream. Time series plots of
arrival times (in ms) obtained by (c) downstream (black) and (d) upstream (gray) transducers



Figure 6

Velocity resolution of �uvial acoustic tomography (FAT) as a function of acoustic ray length and
transducer frequency; green and red dots denote velocity resolution in accordance with distance and
frequency for S1_S2 and T1_T2, respectively

Figure 7

Mean average velocity along transmission lines: (a) S1_S2 (black), and (b) T1_T2 (red). Releasing periods
are highlighted in blue



Figure 8

Time series plots of a) water �ow (in�ow) direction according to its corresponding quadrant, b) in�ow
estimated by �uvial acoustic tomography (FAT) (black) and by HDMO (red), and out�ow acquired by Haji
Dam Monitoring O�ce (HDMO; blue), and c) in�ow by acquired by FAT using the mean �ow direction θ =
21.47° (black) and by HDMO (red), and out�ow by HDMO (blue); Releasing period is highlighted in blue



Figure 9

Temperature pro�les along water columns measured at P1, P2, P3, and P4, during (a) fall and (b) early
winter

Figure 10



Ray simulated patterns along cross-sections of (a) S1_S2 and (b) T1_T2

Figure 11

a) Sample of arrival times with �rst and delayed arrival peaks and b) time-series for mean water
temperature estimated by FAT at 30 kHz (red) compared to mean water obtained by water level-
temperature logger (black)



Figure 12

a) Comparison between in�ow acquired by �uvial acoustic tomography (FAT; black), Haji Dam
Monitoring O�ce (HDMO; red), acoustic doppler current pro�ler (ADCP; green), and out�ow by HDMO
(blue), and b) association between stage and in�ow as recorded by HDMO


