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Abstract. The formation mechanism models and prediction methods of algal bloom in existence 
are of poor environmental adaptability and hard to reflect dynamic change of algal bloom formation 
process in lakes and reservoirs. To solve this problem, time-varying formation mechanism modelling 
and expert system prediction of algal bloom in lakes and reservoirs are put forward in this paper. 
According to various influence factors of algal bloom formation, such as environmental factors and 
water quality factors, time-varying characteristics of algal bloom formation mechanism is represented 
by time series model based on water quality factors data, and environmental sensitivity of algal bloom 
under sudden change in the weather is represented by expert system model based on environment 
factors data respectively. These two kinds of modelling methods are used to predict algal bloom 
alternately by switching between absolute and relative thresholds based on the dominant influence 
factors of algal bloom at different time in the actual lake and reservoir, to improve the prediction 
accuracy of algal bloom, provide effective reference for the environmental protection department 
and play an important role in protection and improvement of lakes and reservoirs water environment.
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AIMS AND BACKGROUND

Algal bloom is a typical performance of algal reproduction and aggregation to 
achieve a certain concentration in eutrophic water bodies. Former studies have 
already attempted on algal bloom modelling and prediction, mainly including 
mechanism-based models and data-driven models1. Mechanism-based models 
describe mechanism of algal bloom formation with ecological variables and un-
determined parameters2–6. Data-driven models search hidden relevant information 
from a large number of data by data mining technology and intelligent algorithm, 
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which are especially suitable to high-dimensional nonlinear system with unclear 
mechanism7,8. However, the mechanism-based model is focused on the relationship 
between algae formation and influence factors (IFs), where the modelling process 
is complicated and the model is with fixed structure and poor adaptability, and most 
mechanism-based models are static models without considering the time-varying 
characteristic of algae growth, which is difficult to represent the condition that 
algal bloom formation process changes over time. Data-based models mathemati-
cally reflect algal bloom formation process changes over time9–11. However, they 
can not explain the causality between IFs and algal bloom formation reasonably 
without support of mechanism theory. Hence, the accuracy of data-driven model 
is hard to ensure. In addition, the prediction accuracy under sudden change in the 
weather by the existing models of algal bloom is poor. 

In reality, environmental factors should be considered for algal bloom predic-
tion, especially in spring and summer. Experienced algal bloom analyst can predict 
the algal bloom based on weather forecast in recent days. Hence, expert system 
(ES) is used to reduce repetitive mental work and save experience knowledge of 
human experts12–17. This paper puts forward an algal bloom prediction method 
by Adaptive Neuro Fuzzy Inference System (ANFIS) to improve the prediction 
precision under sudden change in weather.

Similarly, water quality factors are also a kind of major influence factors of 
algal bloom formation and they dynamically change over time18–21. Time series 
analysis is a dynamic data processing method which can extract the time-varying 
characteristics of algae formation based on large quantity information of water 
quality factor historical data22–25. In this paper, algae bloom formation process 
is comprehensively reflected by using mechanism modelling and time series 
analysis method to reflect dynamic change and improve the prediction accuracy 
of algal bloom formation process. Hence, this paper studies time-varying forma-
tion mechanism (TVFM) modelling and expert system prediction of algal bloom 
in lakes and reservoirs.

PREDICTION OF ALGAL BLOOM

Influence factors of algal bloom formation are divided into two categories, which 
are environmental factors such as accumulated rainfall, instantaneous rainfall, wind 
speed, wind direction, air temperature, humidity, and water quality factors such as 
total nitrogen, total phosphorus, pH value, dissolved oxygen, water temperature, 
light, etc. Chlorophyll a is used as performance indicator of algal bloom forma-
tion. A new method to predict the algal bloom in lakes and reservoirs based on 
Expert system and TVFM modelling of algal bloom is proposed respectively to 
considerate the influence of environmental factors and water quality factors on the 
formation of algal bloom in real time. The prediction process is shown in Fig. 1.
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Fig. 1. Prediction process of algal bloom

THRESHOLD DETERMINATION

Determination of absolute threshold. Absolute threshold of algal bloom predic-
tion model switching is a critical value when key environmental factors play a 
decisive role in the formation of algal bloom. In this paper, determination method 
of absolute threshold is as follows:

(1) Key environmental factors are divided into several segments {S1, S2,…} 
based on different value range, Sk = {X|Xkmin ≤ X < Xkmax}, k = 1, 2,…. where Sk is a 
set of the k-th segment of key environment factor value; X – the key environmen-
tal factor value; Xkmin – the minimum value of the k-th segment, and Xkmax – the 
maximum value of the k-th segment.

(2) Influence of each segment on algae growth and algal bloom formation is 
determined. For example, certain key environmental factor is divided into four 
segments {S1, S2, S3, S4} based on different value range, and S1 > S2 > S3 > S4. When 
S1 = {X|X1min ≤ X < X1max}, it is difficult to form algal bloom; When S2 = {X|X2min 
≤ X < X2max}, it is conducive to algae growth; When S3 = {X|X3min ≤ X < X3max}, it 
is conducive to algae floating; When S4 = {X|X4min ≤ X < X4max}, it is conducive 
to algae further aggregation, and bloom outbreak will occur if this phenomenon 
continues for several days.

(3) Based on the experience of experts, two segments which play decisive 
roles of algal bloom formation are selected and the critical value of two segments 
is as the absolute threshold of key environmental factors. For example, critical 
value X3min of S3 or X4max of S4, which plays decisive role of algal bloom formation, 
is selected as absolute threshold XD.
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Determination of relative threshold. In order to realise the reasonable switching of 
prediction model when prediction accuracy reduces under the sudden change of 
key environmental factors, determining method of relative threshold is as follows:

(1) Chlorophyll a is predicted of based on key environmental factor predic-
tion method;

(2) Relative prediction error E(m + l) = (Y(m + l) – Ŷ(m + l))/Y(m + l) of m step 
at time l is obtained by comparing the predicted value of chlorophyll a with the 
measured value. Here, Y(m + l) is measured value of chlorophyll a at time m + l, 
Ŷ(m + l) is chlorophyll a prediction of l step at time m.

(3) (E(m + l + 1) – E(m + l))/E(m + l) = 5% is relative threshold of key en-
vironmental factors between time m + l + 1 and m + l. Here, E(m + l) is relative 
prediction error of l step at time m, E(m + l + 1) is the relative prediction error of 
l+1 step at time m, l = 1, 2, …

EXPERT SYSTEM MODELLING OF KEY ENVIRONMENTAL FACTORS

In this paper, expert system model is ANFIS model. Input variables of the model 
are key environmental factors, and the output variable of the model is chlorophyll 
a. The modelling and prediction method of expert system is as follows24:

(1) Data preprocessing
Key environmental factors and chlorophyll a, which is m × (n1 + 1) dimen-

sional data, is processed by normalisation processing. The training data is the first 
m1 (0 < m1 < m) groups data, and the test data is the rest m2 = m – m1 groups data.

(2) Initial FIS structure generation
The membership function of expert system model is set by key environmental 

factors. The initial structure of fuzzy inference system (FIS) is generated based 
on subtractive clustering. For training data (x1, x2, …, xm1

), calculation formula of 
cluster centre is:

m1

 Di = ∑ exp(–||xi – xj||2/(ρ/2)), (1)
j=1

where Di denotes density of xi and ρ – is the constant of cluster radius. 

(3) ANFIS model building
Several clustering parameters are optimised by genetic algorithm. The initial 

value of subtractive clustering is encoded as the initial population of some chro-
mosomes by GA. The reciprocal of the mean square error of the ANFIS training 
set is the fitness function. Pairs of individuals in a population are selected by a 
roulette algorithm.
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(4) ANFIS model output calculation
Prediction value of chlorophyll a is obtained by fuzzy inference calculation 

of ANFIS model based on key environmental factors data in the future, which is 
obtained by weather forecast and other information as input variable of ANFIS 
model.

TVFM MODELLING OF KEY WATER QUALITY FACTORS

Algae formation mechanism modelling. The measured data of chlorophyll a is 
considered as time series, which is divided into trend term, periodic term and ran-
dom term. The trend term is modelled by algae formation mechanism model and 
key water quality factors are the input variables, chlorophyll a is output variable. 
Algae formation mechanism model is obtained:
 F(t) = exp ((G – D – M)t), (2)

where F(t) is the trend term of the t moment; G = G(X1) × G(X2) × … × G(Xn2) – 
the growth rate of chlorophyl; Xi – the i key water quality factor, i = 1, 2, …, n2; 
D – the chlorophyll mortality; M – the net loss rate of chlorophyll. 

Algae TVFM modelling. The trend term is removed from the measured data of 
chlorophyll a, and the periodic and random item of the residual data is established. 
Algae TVFM model is obtained:

Y(t) = F(t) + C(t) + R(t) =
      q     p

 exp((G – D – M)t)) + ∑ ai cos(ωi t + ϕi) + ∑ ηj R(t – j) + εt (3)
     i=1    j=1

where Y(t) is the value of chlorophyll at t moment; C(t) – the periodic term at t 
moment, and it is modelled by the latent period model; R(t) – the random term at 
t moment, and it is modelled by auto-regressive model.

Calculation of time-varying formation mechanism model. According to TVFM 
model, chlorophyll a prediction is obtained by optimum predictive value Ŷ(m + l) 
of the l step forward at m moment:

        q      p

  Ŷ(m + l) = exp((G – D – M)(m + l)) + ∑ ai cos(ωi (m + l) + ϕi) + ∑ ηj R(m + l – j) (4)
        i=1      j=1

COMPREHENSIVE PREDICTION

Absolute threshold switching. When key environmental factors reach absolute 
threshold, the value of key environmental factors is X ≥ XD, the main factors 
influencing the bloom formation are key environmental factors, and algal bloom 
prediction model is switched to expert system, key environmental factor data in 
future is input of expert system model and prediction of chlorophyll a is output.


