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Climate change is a serious problem that can cause global variations in temperature and rainfall
patterns. This global variation can affect the water availability of lakes. In this study, trends in
temperature and rainfall in the Lake Toba area for 40 years (1981-2020) were analyzed using ERA5-
Land data corrected with observation station data utilizing the quantile mapping bias correction
method. Corrected ERA5-Land data were used in this study to show spatial patterns and trends. The
Mann-Kendall and Sen slope tests were carried out to see the magnitude of the trend. A comparison of
temperature and rainfall against their baseline period (1951-1980) was also investigated. The results
of this study show that climate change has affected the trend of increasing temperature and rainfall
in the Lake Toba area, with an increase in temperature of 0.006 °C per year and an average rainfall of
0.71 mm per year. In general, significant changes in the increase of temperature and rainfall occurred
in the last decade, with an increase in temperature of 0.24 °C and rainfall of 22%. The study of the
impact of climate change expected to be useful for policymakers in managing water resources in the
Lake Toba area.

Current climate change poses a threat to people around the world!. Climate change has been characterised by an
increase in the global average surface temperature of 1.09 °C observed during the period 1850-2020, and in the
last decade, there has been a significant increase in the temperature of 0.95-1.2 °C. Another impact of climate
change is the increased intensity and frequency of heavy rain events®*. Rainfall is the most important factor*”,
as increased rainfall can exacerbate the impact of hydrometeorological disasters®’. Therefore, the need to under-
stand the impact of climate change is an important issue in the sustainable water resources management sector®.

Lake Toba is in the north of Sumatra Island, Indonesia. It is a national strategic area, which has great ben-
efits for the tourism, agriculture, plantation and fishery sectors, with the industrial sector also being equally
important®!!. Several studies have indicated the effects of climate change in the Lake Toba area, revealing
increasing trends in temperature and decreasing trends in rainfall?>. However, as previous studies only used
data obtained from one climate station to represent the whole Lake Toba region, with time series data of less
than 30 years, further research is needed to explain the impact of climate change on temperature and rainfall
in the area®.

In recent years, the Global Climate Model (GCM) developed by climate centres around the world can produce
higher resolutions that are generally more accurate'*!°. As such, it can be used to study climate change both
regionally and locally'®. However, GCM outputs cannot be used to directly simulate climate variables at local
or site-specific scales'’. Several studies have shown that the original GCM still contains considerable bias as a
result of the downscaling process or from systematic error results'®°. Accordingly, a bias correction approach
was developed to overcome this problem?*-23,
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Bias correction is an approach based on a statistical transformation that attempts to adjust the distribution
of the modelled data to be very similar to the observed climatic variables*. Currently, most bias correction
methods aim to adjust the mean, variance and distribution of certain climate variables®. Several refractive cor-
rection methods have been developed, with quantile mapping (QM) being the most commonly used?-*%. The
QM method effectively eliminates model bias, not only for mean and interannual variability but also for extreme
events**?-31, The QM bias correction method has also been developed and applied to the climate change impact
studies in Italy*? and Sweden®® and was used to fill in missing climate data®.

To implement various adaptation and mitigation programmes in the future, impact assessment and climate
change projections in an area are needed®*. Detection and quantification of trends in climate variables is an
important step for impact assessment and climate change projections®~*". Trend analysis can be carried out
using the parametric method with the assumption that the data are normal, while for independent data sets that
have outliers, it can be solved using non-parametric methods**-*2. The Mann-Kendall (MK) trend test is used
to determine the trend (positive or negative)*>** while the Sen slope estimator (SSE)* is used to determine the
rate value of the trend in climate varjables**.

The main objective of this study is to assess the impact of climate change on the trends in air temperature and
rainfall in the Lake Toba region. The data used in this study, which are first corrected by the QM bias correction
method, are high-resolution GCM data. It is believed that the results of this study will be vital for the govern-
ment, society and policymakers in implementing adaptation, mitigation and water conservation programmes
in the Lake Toba area.

Methods

Research location. Geographically, the Lake Toba area is located in the Bukit Barisan mountains in the
northern part of Sumatra Island, Indonesia. The location is at 2.08-3.02° North Latitude and 98.28-99.32° East
Longitude. The Lake Toba region also includes the catchment area of Lake Toba, with a water surface area of
1,124 km? and a land area of 2,486 km? in the catchment area (Fig. 1). The lake’s surface is at an altitude of 903 m
above sea level, with a length of approximately 50 km, a width of about 27 km and an average depth of 228 m*.
The Lake Toba area has a wet tropical climate with air temperatures ranging from 18 to 28 °C. The average mini-
mum air temperature is 18.4 °C, the average maximum air temperature is 27.1 °C and the average air tempera-
ture is 21.5 °C*. Meanwhile, the annual rainfall is between 175 and 225 mm. The Lake Toba area has equatorial
rain, with two rainy and dry seasons. The dry season takes place from December through February and June
through August, while the rainy season spans from March through May and September through November!?.
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Figure 1. General description of the research area of the Lake Toba Region, (a) Located in the northern part
of Sumatra Island, Indonesia, (b) Topography and Catchment Area of Lake Toba with Climate Observation
Station, (c). Climagram of temperature and rainfall observation data.
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Climate data. The climate observation data used in this study included rainfall data from 11 rainfall obser-
vation stations scattered in the Lake Toba area (Fig. 1). The data period used was from 1981 to 2020. The data
were obtained from the Meteorology, Climatology and Geophysics Agency of the Deli Serdang Climatology
Station. The distribution and length of climate observation data in the Lake Toba area were significantly con-
strained by the limited time series data. As such, the use of climate model data was also necessary. ERA5-Land
data is a reanalysis dataset that provides a consistent view of the evolution of soil variables over decades with
improved resolution compared to the ERA5 data. The reanalysis was performed by combining model data with
observations from around the world to obtain a complete, globally consistent data set using the laws of physics.
The spatial resolution of the ERA5-Land reanalysis data set was 9 km®.

Quantile mapping bias correction. The QM method is a bias correction method that corrects the simu-
lation model with the observation model by defining a transfer function: y=f (x). The transfer function relates
the values of simulation and observation cumulative distribution functions (CDF)* with the following equation:

CDFops (f (%)) = CDFim (%) ey

where CDF g, (f (x)) is the observation CDF and CDFgy, (x) is the simulation CDE.

To correct the bias using the quantitative mapping method, it is necessary to identify the distribution of the
training data distribution. The data distribution is identified based on several parametric distribution Equations®'.
The distribution function that closely fits the data is selected based on the Akaike Information Criterion (AIC)
value, while the used distributions include the normal (NOR), extreme value (EV), generalised extreme value
(GEV), gamma (GAM), logistics (LOG), exponential (EXP), inverse Gaussian (ING), weibull (WB), log-normal
(LN) and log-logistic (LL) values®’. From the obtained distribution function, the quantile value of CDF will be
used to construct the transfer function.

Mean absolute error. The mean absolute error (MAE) is employed to validate the model that is used to
correct the ERA5-Land data. MAE is expressed in the equation:

n

1
MAE = > |xi — i 2)
i=1

where x; is the rainfall observation data, y; is the corrected ERA5-Land data and N is the amount of data.

Mann-Kendall test. The identification of climate change was carried out using the nonparametric MK
test***. This method is commonly used to identify the trends in time series of hydrometeorological data due to
its insensitivity to the normal distribution of time series and data outliers. The MK test is recommended by the
World Meteorological Organization as the best approach for assessing trends. This test can be summarised by
the equation:

n—1 n
S=>_ > Sen(x-xq) 3)
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where # is the number of observations, x; is the jth observation and Sgn (.) is the sign function, which
represents

L ifx; > x;
Sgn (xj — xk) = 0; ifx; =x; (4)
=1 ifx; < x;
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After calculating the variance of S by using Eq. (5), the value of the standard test statistic (Zx) can be cal-
culated by using

S-1 .
m1f5>0

kaz 01fS=0 (6)
\/%ifs<0

A Zk value higher (lower) than 1.96 (—1.96) indicates an increasing (decreasing) trend at the 95% confidence
level (a=0.05).

Sen'’s slope estimator test. Nonparametric methods were used to estimate the magnitude of trends in
the time series data*. The slope of the data pair ‘n’ can be estimated in advance by using the following equation:

Xj— X
Bi= median{ ] kk}v’(k <j),fori =1,..n (7)
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In Eq. (7), x; and x; represent the data values at times j and k, respectively, where j is always after k (k<j), Bi is
the slope estimator and 7 is the number of time periods. A negative i value represents a downward trend, while
a positive i value represents an increasing trend over time.

Results

This section presents the validation results of the QM bias correction model, where the corrected data will be
used to generate the trends in the Lake Toba region. The trend analysis for climate change detection uses the
MK statistical test (Z), Sen slope (Q) and significance level (SL). Positive and negative Z values indicate an up
and down trend, respectively. The value of Q describes the magnitude or rate of trend change per year in a time
series. The SL value shows how statistically significant or strong the trend signal is in the time series. Trend
strength is divided into four categories based on the level of significance: (1) very weak trend (a>0.1), (2) weak
trend (0.05 <« <0.1), (3) strong trend (0.01 <« <0.05) and (4) very strong trend («<0.01), as shown in Figs. 3
and 4. Meanwhile, the impact period (1981-2020) is compared to the base period (1951-1980) to identify any
changes, which are analysed per decade. The monthly and seasonal scale analyses presented in this study cover
the period of the first dry season (December through February), the first rainy season (March through May),
the second dry season (June through August) and the second rainy season (September through November).

Quantile mapping bias correction. Table 1 shows the distribution of observed air temperature and
ERA5-Land temperature, as well as observational rainfall and ERA5-Land rainfall. The observed temperature
and ERA5-Land temperature tend to fit the generalised extreme value distribution approach, except in January,
during which they are closer to the logistics distribution approach, while in April, October and December they
tend to fit the Normal distribution approach. In the observation of rainfall, the tendency is to use the Weibull
distribution, except in September and December, during which they tend to match the Gamma distribution
approach and generalised extreme value. While in ERA5-Land rainfall, the tendency is to match the generalised
extreme value distribution, in January they show the Log-normal distribution, in February the Inverse Gaussian
distribution, in May and August the Gamma distribution and in June and September the generalised extreme
value distribution. Moreover, October and December show the Log-logistics distribution. The differences in the
results of distribution identification for each month are caused by the differences in the slope and symmetry of
data distribution. Thus, a distribution pattern that can describe the observation data and ERA5-Land is needed.

The accuracy of the model is determined by the quantile value. Therefore, it is necessary to validate the value
by using the MAE value. The quantile values of 2, 4, 6, 8, 10, 14, 16, 18, 20, 40, 50, 60, 70, 80, 90 and 100 were
tested to obtain the optimum MAE value. The most optimum MAE value for temperature was found to be at
quantile 4 (Fig. 2a). As for rainfall, the optimum MAE value was observed at quantile 80, which is constant up
to quantile 100 (Fig. 2b). In the case of temperature, the data do not show a large variation, so a small quantile
value is sufficient. This differs from the rainfall that has a very high and heterogeneous variation. Consequently,
a large quantile value is used to accommodate such conditions.

The MAE value determines the model’s accuracy so that the results of validation can verify whether this
model is suitable or not. The validation of the corrected temperature model shows a better result compared to
the model data that have not been corrected. As shown in Fig. 2¢, the corrected MAE value is smaller than the
uncorrected one. The same finding is also obtained in the case of rainfall validation (Fig. 2d).

Temperature trend and temperature change. Figure 3 shows the results of SL, Z and Q, the monthly
temperatures in the Lake Toba region from 1981 to 2020. The spatial distribution of trends in the study area
generally shows an increasing trend. An SL of 67% shows a strong to very strong increasing trend that occurred
in December, January, March, May, September, October and November. In general, the trend of a weak tem-
perature increase of 33% is spatially distributed in April and June. Meanwhile, in February, July and August,
the trend of a weak temperature increase was generally distributed only around the Lake Toba catchment area.
The rate of increasing temperature trends based on MK and Q shows a 50% rate of increase in temperature of
0.007-0.009 °C per year and a 33% rate of increase in temperature of 0.004-0.006 °C per year, while the rate of
increase is 0.001-0.003 °C and > 0.009 °C per year, each by 13% and 3%, with an average increase rate of 0.006 °C
per year. Generally, a strong trend of increasing temperature occurs in the first dry and rainy seasons, while the
second dry seasons tend to have a weak increasing trend. Meanwhile, the rate of temperature increase in the Lake
Toba catchment area did not rise significantly compared to outside of the Lake Toba catchment area, especially
in the first and second dry seasons.

No Temperature | Jan Feb Mar | Apr May Jun Jul Aug Sep Oct Nov | Dec

1 Observasi LOG |GEV |GEV |NOR |GEV GEV | GEV | GEV GEV NOR | GEV | NOR
2 ERA5-Land GEV | GEV |GEV |GEV |GEV GEV | GEV | GEV GEV GEV | GEV | GEV
Rainfall

1 Observasi WB WB |WB |WB WB WB WB WB GAM | WB WB GEV
2 ERA5-Land LN ING |GEV |GEV |GAM |WB GEV |GAM |GEV |LL GEV | LL

Table 1. Identification of the data distribution of observation temperature and temperature of ERA5-Land
and observation rainfall and rainfall of ERA5-Land.
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Figure 2. (a). The results of the validation of the temperature quantile value with n=4, (b). The results of the
validation of the rainfall quantile value with #=80 and (c). Validation results for the temperature model and (d)
for the rainfall model.
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Figure 3. Spatial distribution of air temperature trends in the Lake Toba area for 1981-2020. In month (a)
December, (b) January, (c) February, (d) March, (e) April, (f) May, (g) June, (h) July, (i) August, (j) September,
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Figure 4. Changes in temperature (blue line) and rainfall (yellow line) relative to the base period (1951-1980).

Analyses of changes in temperature were carried out over the decades of 1981-1990, 1991-2000, 2001-2010
and 2011-2022, relative to the period of 1951-1980, to show the impact of temperature changes in the Lake Toba
area (Fig. 4). In general, the temperature change, with an increasing trend every decade, is observed at the study
site. The magnitudes of the temperature changes were 0.09 °C, 0.06 °C, 0.15 °C and 0.24 °C, respectively. The
spatial distribution shown in Fig. 5 also indicates a similar tendency, that is, in the first two decades there was
an increase of 0.1-0.2 °C, except that the southern part of the Lake Toba catchment area showed a temperature
decrease of about 0.002 °C in the second decade. In the third decade, the temperature generally increases by
0.11-0.2 °C, except in the southern part of the Lake Toba catchment area, where there is an increase of 0.1 °C.
While the last decade was the hottest, with a significant increase in temperature ranging from 0.21 to 0.3 °C, in
some areas of Lake Toba, there was a lower temperature increase (i.e. 0.11-0.2 °C).

Precipitation trends and changes in precipitation. The spatial distribution of monthly rainfall trends
in the study area, shown in Fig. 6, generally shows an increasing trend. The trends of increasing rainfall are very
weak, weak, strong and very strong, at 39%, 8%, 8% and 15%, respectively, while the decreasing trend is very
weak at 30%. The trend of increasing rainfall is distributed in January, February, April, June, August, October,
November and December, while the decreasing trend of rainfall is distributed in March, May, July and Septem-
ber. The rates of increase in rainfall of 0.1-1 mm, 1.1-2 mm, 2.1-3 mm and >3 mm per year are 31%, 30%, 7%
and 3%, respectively. Meanwhile, the rate of decrease in rainfall of (-1)-0 mm per year is 30%, and the average
increase rate is 0.71 mm per year. Generally, the trend of increasing rainfall occurs in the dry period and the
second rainy season.

The change in rainfall over a decade, as shown in Fig. 4, indicates a change in rainfall in the Lake Toba area.
There was a change in rainfall around the study area, with the increasing trends for each decade of 6%, 17%, 17%
and 22%, respectively. The spatial distribution shown in Fig. 7 also shows the same tendency, that is, an increase
in rainfall of 0-10% in the early decades and an increase of 11-30% in the second and third decades. Generally, an
increase of 21-30% is distributed in the western part of the Lake Toba catchment area in the second decade, while
its distribution extends to the east and along the Bukit Barisan Mountains, stretching from north to south in the
third decade. The fourth decade has the highest increase in rainfall, where the spatial distribution of the increase
in rainfall of 21-40% is distributed in the Lake Toba catchment area and along the Bukit Barisan Mountains.

Discussion

In all study areas, temperature shows a strong to very strong increasing trend in all seasons, except in the dry
season period, and both trends are weak. The rate of increase in the last four decades has an average of 0.006 °C
per year. This is relevant to an increase in the global average temperature of 0.006 °C per year from 1850 to 2020".
This also happens in several lakes around the world, such as in Lake Superior in North America®, Lake Urmia
in Iran®%, Lake Chad in Africa® and Lake Dianchi in China®®. The last decade (2011-2020) was the warmest
decade, with an average increase of 0.24 °C relative to the base period. This is consistent with the study on Lake
Chad®* and the trend of increasing global temperature'. A very strong trend of increasing temperature (o <0.05)
indicates that the region is vulnerable to climate change®.

In general, the trend of rainfall also shows an increasing trend. The increasing trend occurs in the dry season
(except in July) and in the second rainy season (except for September). The decreasing trend occurs in the first
rainy season. This indicates that the dry and rainy seasons are getting wetter with increasing rainfall. The increase
in the dominant rainfall areas is 0.1-1 mm per year. The trend of increasing rainfall in the Lake Toba area is not
in line with several conditions in other parts of the world that tend to have a decreasing trend of rainfall, as in
Lake Superior in North America®, Lake Urmia in Iran*!, Lake Chad in Africa® and Lake Dianchi in China®.
The period of 1981-1990 was the lowest decade of increasing rainfall, indicating a strong influence of the EI Nino
activity, which led to the decreasing rainfall®. According to The Intergovernmental Panel on Climate Change
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Figure 5. Spatial distribution of temperature changes in the decades (a) 1981-1990, (b) 1991-2000, (c)
2001-2010 and (d) 2011-2020 relative to the base period of 1951-1980.

(IPCC) report on the increase of global average temperature’ a significant increase in rainfall in the Lake Toba
area occurred in the last two decades.

The correlation between temperature and rainfall shows a linear trend where an increase in temperature affects
an increase in rainfall. A significant increase in rainfall occurred in the catchment area of Lake Toba. This is due
to the topography of the study area, since the Lake Toba area is surrounded by the Bukit Barisan Mountains,
which stretch from the north to the south of Sumatra Island, and the existence of Samosir Island in the middle
of the lake. An increase in temperature triggers an increase in evaporation in the Lake Toba area. At the same
time, the mountains serve as a barrier so that the formation of rain clouds tends to occur in the water catchment
area of Lake Toba. The local impacts caused by this condition need to be anticipated further to reduce the effects
of climate change on extreme temperatures and rainfall, which might cause increasing hydrometeorological dis-
asters. The occurrence of extreme temperatures has a bearing on forest and land fires as well as the potential for
extreme rainfall that leads to floods and landslides in the Lake Toba area. While increasing rainfall, in general,
can have beneficial impacts on agriculture and biodiversity, it can also lead to adverse socioeconomic problems,
such as flooding. An increase in heavy or extreme rain also triggers more sediment flow into the lake®® and may
potentially lead to silting in Lake Toba. Previous studies have shown variations in the water levels of Lake Toba
that are also influenced by climate change and variability"’.
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Figure 6. Spatial distribution of rainfall trends in the Lake Toba area for 1981-2020, (a) January, (b) February,
(c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November and (1).
December.

Conclusions

This study provides a clear picture of spatial and temporal variability as the impact of global climate change on
temperature and rainfall trends over the last 40 years in the Lake Toba region of Indonesia. Global climate change
causes increases and changes in temperature and rainfall in the Lake Toba region. In all study areas, there is a
trend of increasing temperature, where the trend of increasing temperature is strong to very strong at 67% and
weak at 33%. The average temperature increase is 0.006 °C per year. For rainfall, generally, there is a trend of
increasing rainfall by 70%, while 30% indicates a decreasing trend of rainfall. The increase in rainfall is strong
to very strong at 23%, and the increase is weak to very weak at 8% and 39%, respectively. The rate of increase in
average rainfall is 0.71 mm per year. Generally, the trend of increasing rainfall occurs in the dry season and the
second rainy season. Changes in temperature per decade relative to the base period indicate an increase in tem-
perature at the study site for each decade; 0.09 °C, 0.06 °C, 0.15 °C and 0.24 °C, respectively. Meanwhile, rainfall
shows the same pattern, namely, an increase in rainfall for each decade of 6%, 17%, 17% and 22%, respectively.
The last decade was the hottest decade, with a significant increase in temperature ranging from 0.21 to 0.3 °C,
but in some parts of the Lake Toba catchment area, the temperature increase was 0.11-0.2 °C lower. This study
also explains that the ERA5-Land data have been well corrected by the QM method using a quantile value of 4
for temperature and 80 for rainfall. This study is expected to be a valuable input for the government, society and
policy makers in implementing climate change adaptation and mitigation programs in the Lake Toba region for
the sustainable use of lake water resources.
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Figure 7. Spatial distribution of the percentage change in rainfall (a) 1981-1990, (b) 1991-2000, (c) 2001-2010
and (d) 2011-2020 relative to the period of 1951-1980.

Data availability

The temperature and rainfall data for 1981-2020 used in this study were taken from the BMKG. ERA5-Land
data downloaded from (https://cds.climate.copernicus.eu). The software used in the analysis is Matlab R2022a
(License ID: 41112927, Student-Individual) and ArcGIS Desktop 10.8 (License ID: ESU057739221). While the
base map of the Lake Toba water catchment area is sourced from the Asahan Barumun Watershed and Protected
Forest Management Agency (BPDASHL), the base map of Sumatra Island is sourced from the Geospatial Infor-
mation Agency, and the DEM SRTM 30 m topographic map is sourced from https://drive.google.com/file/d/
1nZ1ed9j2wWexh4SQ-HuFVhIYR88Rfon0/view.

Received: 15 September 2022; Accepted: 7 February 2023
Published online: 13 February 2023

References

1. Allan, R. P,, Hawkins, E., Bellouin, N., Collins, B. IPCC, 2021: Summary for policymakers. (2021).

2. Bucchignani, E., Zollo, A. L., Cattaneo, L., Montesarchio, M. & Mercogliano, P. Extreme weather events over China: Assessment
of COSMO-CLM simulations and future scenarios. Int. J. Climatol. 37, 1578-1594 (2017).

3. Dong, S. et al. Attribution of extreme precipitation with updated observations and CMIP6 simulations. J. Clim. 34, 871-881 (2021).

4. Armal, S., Devineni, N. & Khanbilvardi, R. Trends in extreme rainfall frequency in the contiguous United States: Attribution to
climate change and climate variability modes. J. Clim. 31, 369-385 (2018).

5. Keellings, D. & Hernandez Ayala, J. J. Extreme rainfall associated with hurricane maria over puerto rico and its connections to
climate variability and change. Geophys. Res. Lett. 4, 2964-2973 (2019).

6. Bao, J., Sherwood, S. C., Alexander, L. V. & Evans, J. P. Future increases in extreme precipitation exceed observed scaling rates.
Nat. Clim. Chang. 7, 128-132 (2017).

7. Wang, G. et al. The peak structure and future changes of the relationships between extreme precipitation and temperature. Nat.
Clim. Chang. 7, 268-274 (2017).

Scientific Reports |

(2023) 13:2542 | https://doi.org/10.1038/s41598-023-29592-y nature portfolio


https://cds.climate.copernicus.eu
https://drive.google.com/file/d/1nZ1ed9j2wWexh4SQ-HuFVhIYR88Rfon0/view
https://drive.google.com/file/d/1nZ1ed9j2wWexh4SQ-HuFVhIYR88Rfon0/view

www.nature.com/scientificreports/

8. Hosseinzadehtalaei, P, Ishadi, N. K., Tabari, H. & Willems, P. Climate change impact assessment on pluvial flooding using a
distribution-based bias correction of regional climate model simulations. J. Hydrol. 598, 126239 (2021).
9. Lukman, A. Penelusuran kawasan daerah aliran sungai (Das) asahan. Bul. Utama Tek. 13, 49-54 (2017).

10. Nasution, Z. & Damanik, S. Ekologi ekosistim kawasan danau toba. J. Fak. Pertan. 75 (2009).

11. Sihotang, H., Purwanto, M. Y. J., Widiatmaka, W. & Basuni, S. Model konservasi sumberdaya air danau toba. J. Pengelolaan Sumberd.
Alam dan Lingkung. 2, 65-72 (2012).

12. Irwandi, H. et al. Pengaruh iklim terhadap penurunan tinggi muka air danau toba. In Seminar Nasional Sains Atmosfer 2017 (2017).

13. Irwandi, H., Rosid, M. S. & Mart, T. The effects of ENSO, climate change and human activities on the water level of Lake Toba,
Indonesia : A critical literature review. Geosci. Lett. https://doi.org/10.1186/s40562-021-00191-x (2021).

14. Karmalkar, A. V., Thibeault, J. M., Bryan, A. M. & Seth, A. Identifying credible and diverse GCMs for regional climate change
studies: Case study—Northeastern United States. Clim. Change 154, 367-386 (2019).

15. Mehr, A. D. & Kahya, E. Grid-based performance evaluation of GCM-RCM combinations for rainfall reproduction. Theor. Appl.
Climatol. 129, 47-57 (2017).

16. Lin, Q, Wang, Y., Glade, T., Zhang, J. & Zhang, Y. Assessing the spatiotemporal impact of climate change on event rainfall char-
acteristics influencing landslide occurrences based on multiple GCM projections in China. Clim. Change 162, 761-779 (2020).

17. Chen, J., Chen, H. & Guo, S. Multi-site precipitation downscaling using a stochastic weather generator. Clim. Dyn. 50, 1975-1992
(2018).

18. Chen, ], Brissette, F. P. & Leconte, R. Uncertainty of downscaling method in quantifying the impact of climate change on hydrol-
ogy. J. Hydrol. 401, 190-202 (2011).

19. Chen, ], Brissette, F. P, Chaumont, D. & Braun, M. Performance and uncertainty evaluation of empirical downscaling methods
in quantifying the climate change impacts on hydrology over two North American river basins. J. Hydrol. 479, 200-214 (2013).

20. Luo, M. et al. Comparing bias correction methods used in downscaling precipitation and temperature from regional climate
models: A case study from the kaidu river basin in Western China. Water (Switzerland) 10, 1046 (2018).

21. Maraun, D. Bias correcting climate change simulations: A critical review. Curr. Clim. Chang. Reports 2, 211-220 (2016).

22. Cannon, A. J. Multivariate bias correction of climate model output: Matching marginal distributions and intervariable dependence
structure. J. Clim. 29, 7045-7064 (2016).

23. Mendez, M., Maathuis, B., Hein-Griggs, D. & Alvarado-Gamboa, L. F. Performance evaluation of bias correction methods for
climate change monthly precipitation projections over Costa Rica. Water (Switzerland) 12, 482 (2020).

24. Gudmundsson, L., Bremnes, J. B., Haugen, ]. E. & Engen-Skaugen, T. Technical note: Downscaling RCM precipitation to the station
scale using statistical transformations &ndash; A comparison of methods. Hydrol. Earth Syst. Sci. 16, 3383-3390 (2012).

25. Pradeebane, V. A., Vrac, M. & Mailhot, A. Ensemble bias correction of climate simulations: preserving internal variability. Sci. Rep.
11,1-9 (2021).

26. Cannon, A. ], Sobie, S. R. & Murdock, T. Q. Bias correction of GCM precipitation by quantile mapping: How well do methods
preserve changes in quantiles and extremes?. J. Clim. 28, 6938-6959 (2015).

27. Ngai, S. T., Tangang, F. & Juneng, L. Bias correction of global and regional simulated daily precipitation and surface mean tem-
perature over Southeast Asia using quantile mapping method. Glob. Planet. Change 149, 79-90 (2017).

28. Zhao, T. et al. How suitable is quantile mapping for postprocessing GCM precipitation forecasts?. J. Clim. 30, 3185-3196 (2017).

29. Piani, C. et al. Statistical bias correction of global simulated daily precipitation and temperature for the application of hydrological
models. J. Hydrol. 395, 199-215 (2010).

30. Teutschbein, C. & Seibert, J. Bias correction of regional climate model simulations for hydrological climate-change impact studies:
Review and evaluation of different methods. J. Hydrol. 456-457, 12-29 (2012).

31. Ayugi, B. et al. Quantile mapping bias correction on rossby centre regional climate models for precipitation analysis over Kenya,
East Africa. Water (Switzerland) 12, 1 (2020).

32. Sangelantoni, L., Russo, A. & Gennaretti, F. Impact of bias correction and downscaling through quantile mapping on simulated
climate change signal: A case study over central Italy. Theor. Appl. Climatol. 135, 725-740 (2019).

33. Grillakis, M. G., Polykretis, C., Manoudakis, S., Seiradakis, K. D. & Alexakis, D. D. A quantile mapping method to fill in discon-
tinued daily precipitation time series. Water (Switzerland) 12, 1-13 (2020).

34. Trinh-Tuan, L. et al. Application of quantile mapping bias correction for mid-future precipitation projections over Vietnam. Sci.
Online Lett. Atmos. 15, 1-6 (2019).

35. Dawood, M. Spatio-statistical analysis of temperature fluctuation using Mann-Kendall and Sen’s slope approach. Clim. Dyn. 48,
783-797 (2017).

36. Gebrechorkos, S. H., Hiilsmann, S. & Bernhofer, C. Changes in temperature and precipitation extremes in Ethiopia, Kenya, and
Tanzania. Int. J. Climatol. 39, 18-30 (2019).

37. Mondal, A., Khare, D. & Kundu, S. Spatial and temporal analysis of rainfall and temperature trend of India. Theor. Appl. Climatol.
122, 143-158 (2015).

38. George, J. Long-term changes in climatic variables over the Bharathapuzha river basin, Kerala, India. Theor. Appl. Climatol. 142,
269-286 (2020).

39. Nashwan, M. S., Shahid, S. & Abd Rahim, N. Unidirectional trends in annual and seasonal climate and extremes in Egypt. Theor.
Appl. Climatol. 136, 457-473 (2019).

40. Salman, S. A. et al. Characteristics of annual and seasonal trends of rainfall and temperature in Iraq. Asia-Pacific J. Atmos. Sci. 55,
429-438 (2019).

41. Kisi, O. An innovative method for trend analysis of monthly pan evaporations. J. Hydrol. 527, 1123-1129 (2015).

42. Wu, H. & Qian, H. Innovative trend analysis of annual and seasonal rainfall and extreme values in Shaanxi, China, since the 1950s.
Int. J. Climatol. 37, 2582-2592 (2017).

43. Kendall, M. G. Rank correlation measures (Charles Griffin, London, 1975).

44. Mann, H. B. Nonparametric tests against trend. Econom. J. Econom. Soc. 245-259 (1945).

45. Sen, P. K. Estimates of the regression coeflicient based on Kendall’s tau. J. Am. Stat. Assoc. 63, 1379-1389 (1968).

46. Dai, S., Shulski, M. D., Hubbard, K. G. & Takle, E. S. A spatiotemporal analysis of Midwest US temperature and precipitation trends
during the growing season from 1980 to 2013. Int. J. Climatol. 36, 517-525 (2016).

47. Pingale, S. M., Khare, D., Jat, M. K. & Adamowski, J. Spatial and temporal trends of mean and extreme rainfall and temperature
for the 33 urban centers of the arid and semi-arid state of Rajasthan. India. Atmos. Res. 138,73-90 (2014).

48. Lukman, R. I. Kajian kondisi morfometri dan beberapa parameter stratifikasi perairan danau toba. J. Limnotek. https://doi.org/
10.1015/50044-8486(00)00472-5 (2011).

49. Irwandi, H., Syamsu Rosid, M. & Mart, T. Identification of the el nifio effect on lake toba’s water level variation. IOP Conf. Ser.
Earth Environ. Sci. 406, 012022 (2019).

50. Murfioz-Sabater, J. et al. ERA5-Land: A state-of-the-art global reanalysis dataset for land applications. Earth Syst. Sci. Data 13,
4349-4383 (2021).

51. Arreyndip, N. A. & Joseph, E. Generalized extreme value distribution models for the assessment of seasonal wind energy potential
of debuncha. Cameroon. J. Renew. Energy 2016, 1-9 (2016).

52. Najib, M. K. & Nurdiati, S. Koreksi bias statistik pada data prediksi suhu permukaan air laut di wilayah Indian ocean dipole barat
dan timur. Jambura Geosci. Rev. 3,9-17 (2021).

Scientific Reports | (2023) 13:2542 | https://doi.org/10.1038/s41598-023-29592-y nature portfolio


https://doi.org/10.1186/s40562-021-00191-x
https://doi.org/10.1015/S0044-8486(00)00472-5
https://doi.org/10.1015/S0044-8486(00)00472-5

www.nature.com/scientificreports/

53. Garcia, M. & Townsend, P. A. Recent climatological trends and potential influences on forest phenology around western Lake
Superior. USA. J. Geophys. Res. 121, 13364-13391 (2016).

54. Alizadeh-Choobari, O., Ahmadi-Givi, F.,, Mirzaei, N. & Owlad, E. Climate change and anthropogenic impacts on the rapid shrink-
age of Lake Urmia. Int. J. Climatol. 36, 4276-4286 (2016).

55. Mahmood, R. & Jia, S. Analysis of causes of decreasing inflow to the Lake Chad due to climate variability and human activities.
Hydrol. Earth Syst. Sci. Discuss. 2, 1-42 (2018).

56. Zhou, J. et al. Six-decade temporal change and seasonal decomposition of climate variables in Lake Dianchi watershed (China):
Stable trend or abrupt shift?. Theor. Appl. Climatol. 119, 181-191 (2014).

57. Mahmood, R., Jia, S. & Zhu, W. Analysis of climate variability, trends, and prediction in the most active parts of the Lake Chad
basin, Africa. Sci. Rep. https://doi.org/10.1038/s41598-019-42811-9 (2019).

Acknowledgements

We thank the Indonesian Meteorology, Climatology and Geophysics Agency (BMKG) for supporting the Doc-
toral scholarship and providing the data used in this research. Thank you to the University of Indonesia for the
2022 PUTT Postgraduate grant, and the Asahan Barumun Watershed and Protected Forest Management Center
(BPDASHL) for important data on the Lake Toba catchment area, and thanks also to Arief Wibowo Suryo
(BRIN), Muhammad Khoirun Najib (IPB University) and Muhamad Syirojudin (BMKG) for their valuable
discussions.

Author contributions
T.M., M.S.R. designed the research, while HI drafted the manuscript. All the authors analyzed, discussed, wrote,
and approved the final manuscript.

Funding

This research was funded by the Universitas Indonesia through the PUTI Pascasarjana 2022 grant (No. NKB-
281/UN2.RST/HKP.05.00/2022). The work of TM was supported by the PUTI Q2 grant (No. NKB-663/UN2.
RST/HKP.05.00/2022).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023)13:2542 | https://doi.org/10.1038/s41598-023-29592-y nature portfolio


https://doi.org/10.1038/s41598-019-42811-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of Climate change on temperature and precipitation in the Lake Toba region, Indonesia, based on ERA5-land data with quantile mapping bias correction
	Methods
	Research location. 
	Climate data. 
	Quantile mapping bias correction. 
	Mean absolute error. 
	Mann–Kendall test. 
	Sen’s slope estimator test. 

	Results
	Quantile mapping bias correction. 
	Temperature trend and temperature change. 
	Precipitation trends and changes in precipitation. 

	Discussion
	Conclusions
	References
	Acknowledgements


