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Abstract: Since the thermal stratification in a reservoir inhibits the vertical mixing of the upper
and lower layers and causes the formation of a hypoxia layer and the enhancement of nutrients
release from the sediment, changes in the stratification structure of the reservoir according to future
climate change are very important in terms of water quality and aquatic ecology management. This
study was aimed to develop a data-driven inflow water temperature prediction model for
Daecheong Reservoir (DR), and to predict future inflow water temperature and the stratification
structure of DR considering future climate scenarios of Representative Concentration Pathways
(RCP). The random forest (RF) regression model (NSE 0.97, RMSE 1.86°C, MAPE 9.45%) developed
to predict the inflow temperature of DR adequately reproduced the statistics and variability of the
observed water temperature. Future meteorological data for each RCP scenario predicted by the
regional climate model (HadGEM3-RA) was input into RF model to predict the inflow water
temperature, and a three-dimensional hydrodynamic model (AEM3D) was used to predict the
change in the future (2018~2037, 2038~2057, 2058~2077, 2078~2097) stratification structure of DR
due to climate change. As a result, the rates of increase in air temperature and inflow water
temperature was 0.14~0.48°C/ 10year and 0.21~0.41°C/10year, respectively. As a result of seasonal
analysis, in all scenarios except spring and winter in the RCP 2.6, the increase in inflow water
temperature was statistically significant, and the increase rate was higher as the carbon reduction
effort was weaker. The increase rate of the surface water temperature of the reservoir was in the
range of 0.04~0.38°C/10year, and the stratification period was gradually increased in all scenarios.
In particular, when the RCP 8.5 scenario is applied, the number of stratification days is expected to
increase by about 24 days. These results were consistent with the results of previous studies that
climate change strengthens the stratification intensity of lakes and reservoirs and prolonged the
stratification period, and suggested that prolonged water temperature stratification could cause
changes in the aquatic ecosystem, such as spatial expansion of the low-oxygen layer, an increase in
sediment nutrient release, and changed in the dominant species of algae in the water body.

Keywords: Climate change, River water temperature prediction, Reservoir stratification, AEM3D,
Random Forest
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Figure 1. Locations of the study area, national water quality monitoring stations (MOE) and water temperature monitoring
stations by K-water and Chungbuk National University (CBNU).
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Table 1. Statistical index used to evaluate the model accuracy

Statistical Index Equation Desired Value
; -1
Nash-Sutcliffe Efficiency coefficient NSE=1-———— 1
; [yi - yavg]2

Root Mean Square Error

RMSE:\/%Z =3y 0
=

Mean absolute Percentage Error

MAPE = 3 1 i-71] % 100 (%) 0
i=1

* ;= simulation, y; = observation, y,,, = mean of observation, N = total number of observation
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Table 2. Governing equations of AEM3D

Variable Equation

Momentum equation | oy , Ou , ou Ou _ {6 at1 0 J”p d} 0 {V] ou } 0

ou
(X-direction) o " ox oy Wz ox  py Ox o Uhox) T oy { } " 6over62{v,, } o

Momentum equation ov oo ov ov _ opt1 0o , 0 oo 0 ov 0 ov .
(y-direction) Gt e e sty ,T@J P gt g g g g
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Figure 2. Comparison of simulated reservoir water level and capacity curve with observed one.
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Figure 3. Meteorological data used for AEM3D model calibration in Daecheong Reservoir (2017).
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Table 3. Input variables used to develop random forest models and comparison of prediction performance

Model Variable

Statistical Index

NSE RMSE (°C) MAPE (%)

RFE-RF Q, Atr, DT, Sola, RelH

0.97 1.82 9.15

RA-RF Atr, Uw, Sola, RelH, ATM

0.97 1.86 9.45
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Figure 4. Comparison of observed inflow temperature with simulated ones using (a) RFE-RF model and
(b) RA-RF model.
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Figure 5. Comparison of observed and simulated water surface elevation (2017).
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Figure 6. Comparison of observed and simulated water temperature profile (2017).
Table 4. Calibrated model parameter values for water temperature
Keyword Description unit This study
SEDIMENT_REFLECTIVITY light reflectance in sediment - 0.9
SURF_HEAT TRANSF_COEFF light absorption rate between atmosphere and water surface - 0.004
MEAN_ALBEDO mean albedo of the water - 0.08
MIXING_COEFF_CN wind stirring coefficient - 1.33
MIXING_COEFF_CC convective coefficient - 0.2
DEFAULT _PAR_EXTINCTION light extinction coefficient for PAR /m 0.4
DEFAULT_NIR_EXTINCTION light extinction coefficient for NIR /m 1.0
DEFAULT_UVA_EXTINCTION light extinction coefficient for UVA /m 1.0
DEFAULT UVB _EXTINCTION light extinction coefficient for UVB /m 2.5
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Figure 7. Future air and inflow water temperature projection results.

Table 5. Averaged air temperature and water temperature during the past period and those of ending year of future projection

period for each RCP scenario, and their rising rate

. Last projection year (°C)
Division Past (°C)
RCP 2.6 (°C) RCP 4.5 (°C) RCP 6.0 (°C) RCP 8.5 (°C)

Year 2008-2016 2100 2100 2100 2100
Air temperature 13.5 14.6 153 154 17.5
Rate of air temperature rise (°C/10 year) 0.14 0.22 0.23 0.48
Water temperature ‘ 15.5 17.3 17.6 17.8 19.1
Rate of water temperature rise (°C/10 0.21 0.25 0.27 0.43
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Table 6. Annual air temperature and inflow water temperature trend analysis

. Mann-Kendall Analysis
Scenario
Slope p-value Trend
RCP 2.6 0.23 A
) RCP 4.5 0.53 A
Air temperature <0.05
RCP 6.0 0.67 A
RCP 8.5 0.79 A
RCP 2.6 0.26 A
RCP 4.5 0.57 A
Water temperature <0.05
RCP 6.0 0.69 A
RCP 8.5 0.81 A
Table 7. Seasonal inflow water temperature trend analysis
Mann-Kendall Analysis
Scenario Spring Summer Fall Winter
Slope | p-value | Trend | Slope | p-value | Trend | Slope | p-value | Trend | Slope | p-value | Trend
Past* 0.05 | 0.876 - 0.38 | 0.119 - 0.02 | 1.000 - 0.16 | 0.533 -
RCP2.6 | 0.12 | 0.115 - 0.20 A | 025 A | -0.01 | 0.904 -
Waler —Tpep4s | 041 A [ 038 A | 049 A 025 A
Temperature <0.05 <0.05
RCP6.0 | 0.55 | <0.05 | A | 052 A | 064 A | 030 | <005 | A
RCP8.5 | 0.68 A | 070 A | 071 A | 041 A
*Past : 2008~2016 year
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Figure 8. Analysis of seasonal inflow water temperature trends (Past: 2008-2016).
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Figure 9. Analysis of seasonal inflow water temperature trends (RCP Scenario 2.6 and 4.5).
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Figure 10. Analysis of seasonal inflow water temperature trends (RCP Scenario 6.0 and 8.5).
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Table 8. Predicted water temperature of upper and lower layers for each scenario

. Average projection period
Scenario Layer y
S1* S2 S3 S4 Water temperature increase rate (°C/10year)
Upper 14.7 15.1 14.9 15.0 0.04
RCP2.6
Lower 4.7 4.8 4.6 4.7 0.00
Upper 14.4 15.0 15.6 15.7 0.17
RCP 4.5
Lower 4.6 4.6 4.7 4.6 0.00
Upper 13.9 14.5 15.1 16.0 0.26
RCP 6.0
Lower 4.6 4.6 4.7 4.8 0.02
Upper 144 153 164 17.4 0.38
RCP 8.5
Lower 4.6 4.6 4.9 52 0.08

*S1:2018~2037 year average, S2 : 2038~2057 year average, S3 : 2058~2077 average year, S4 : 2078~2097 year average
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Table 9. Seasonal changes in water temperature in the upper and lower layers

Spring Summer Fall Winter
Scenario Upper | Lower | Diff. | Upper | Lower | Diff. | Upper | Lower | Diff. | Upper | Lower | Diff.
C) | O | (°C) | (°C) | (O | (O | (O | (O | O | (°C) | (CO) | (O
Past* 102 | 48 | 54 | 258 | 61 | 197 | 229 | 69 | 160 | 85 | 63 | 22
S (11(5?8) (v4i)2.6) 5 <§50’.35) (v4.1§3) 20 (é%i.gl) (v5'15.4) L (v3216.4) (v4f9) e
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S1 (i%?()) (vé‘b(?s;) 68 (ésd.%) (v“i6.5) 204 (é%i.ls) (vsi3.6) 12.9 (v3212.3) (éﬁ@ 10
82 (111'.53) (v4i)2.6) 7= (ésdit) (v“i?4) A (33'.09) (vsﬁs) 18 (v3218.3) (v4'22t0) 03
| S (122'.31) (v462.6) 8.1 (é%.g) (vﬁtfz) 213 (:3'.72) (vSﬁS) 14.3 (v441.4) (éig) 0.3
S4 (122'.31) (v461.7) 8.2 (é6o'.57) (v4'16.5) 219 (33'.72) (V5.13.6) 14.3 (v441.3) (ég.o 02
ave (lli;) (v461.7) 5 (z(ibg) (v“i7.4) A8 (33'.27) (V5‘13.6) 5 (éfs) (v4’23.0) U
S1 (100.62) (v461.7) 61 (?1'.62) (v“i7.4) = (%2)) (VS.IATS) 12:3 (vzf.z) (v?n 16
52 (i%it) (Vé‘b(?S) 66 (ésd.é) (v4‘i7.4) 20.7 (égzi.gl) (v5i3.6) 134 (v3211.3) (V‘LQS.O) 12
Ré%P $3 (11{.22) (v4bl.7) I (20508) (v4'17,4) AL (33..36) (vSfS) e (v3217.4) (v4ﬁ9) U
S4 (lzéi) (v462.6) G2 (é()l.i)) (v4'1?3) A (é%.ls) (v5'16.3) RS (éf@ (v4f9) )
ave (116.19) (v461.7) Y (és(ig) (v4'17.4) 2L (33'99) (vSﬁS) s (v345.3) (v4‘23.0) -
SU | aogy | wom | 70 | o |@is | 23 |win | mie| B | wan| @re|
82 (iliit) (v461.7) ( (é%i) (v“i7.4) 213 (33'.63) (VS'IATS) 14.2 (v3216.3) (v450) 2y
Ié? 53 (iSé.l9) (v462.6) 89 (?11) (vé‘i§3) LS (502'.45) (vsig.()) e (v4217.5) (V4‘15.8) b
S4 (1298) (v462.6) o8 (3235) (5191) 233 (?172) (vébé.z) 151 (v545.9) (319.4) 06
ave (1222) (v461.7) 5 (é6(j.79) (v4.1?3) 21 (é%.%) (vsfl) e (v442.5) (éiS.S) e

*Past : 2008~2016 year

*%S1 :2018~2037 year average, S2 : 2038~2057 year average, S3 : 2058~2077 average year, S4 : 2078~2097 year average
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Table 10. Comparison of the number of stratification day for each scenario
Scenario Solar Air Inflow Init'ial Lgst Stratiﬂcation
Temperature Temperature | Formation day | Fomation day period

Si** | 1922 (£87.0)* | 13.5(x9.7) 16.6 (+7.4) 2037-04-10 2037-11-24 229 day

RCP 2.6 S2** | 195.4 (£87.8) 14.0 (£10.0) 16.9 (£7.6) 2057-04-06 2057-11-26 235 day
S3** | 192.2 (£86.5) 13.9 (29.8) 16.8 (+7.5) 2077-04-08 2077-12-28 235 day

S4** | 194.2 (£86.7) 14.0 (+10.0) 16.9 (+7.6) 2079-04-10 2079-11-27 232 day

S1 197.6 (+87.4) 13.2 (£10.0) 16.5 (£7.5) 2037-04-08 2037-11-22 229 day

RCP 45 S2 192.5 (+87.6) 13.8 (9.7) 16.8 (+7.5) 2057-04-08 2057-11-29 236 day
S3 191.6 (+£88.0) 14.5 (£9.8) 172 (+7.7) 2077-04-05 2077-11-30 240 day

S4 194.3 (+87.3) 14.7 (£10.0) 17.4 (+7.8) 2079-04-05 2079-12-01 241 day

S1 192.9 (+87.0) 12.6 (+10.0) 16.1 (+7.4) 2037-04-10 2037-11-21 226 day

RCP 6.0 S2 193.4 (£87.1) 13.9 (£10.0) 16.5 (£7.5) 2057-04-10 2057-11-27 232 day
S3 195.1 (+87.8) 15.1 (£10.0) 16.9 (+7.6) 2077-04-07 2077-11-28 236 day

S4 194.5 (+£87.6) 15.0 (£10.0) 17.6 (£7.9) 2079-04-02 2079-12-02 245 day

S1 194.8 (+87.2) 13.2 (29.9) 16.5 (+7.5) 2037-04-09 2037-11-24 230 day

RCP 8.5 S2 197.5 (+88.2) 14.3 (10.2) 17.2 (£7.8) 2057-04-08 2057-11-30 237 day
S3 194.8 (£88.3) 15.5 (£10.1) 17.9 (£8.0) 2077-04-03 2077-12-01 243 day

S4 194.6 (+88.4) 16.3 (£10.1) 18.6 (+8.2) 2079-03-25 2079-12-03 254 day

*mean (+standard deviation)

**S1 :2018~2037 year average, S2 : 2038~2057 year average, S3 : 2058~2077 average year, S4 : 2078~2097 year average
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Figure 11. Chanages in water temperature profile and stratification formation period for RCP 2.6 and RCP 4.5 scenarios
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