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ABSTRACT: As global climate change drives rising sea levels, coastal regions face growing threats from seawater intrusion. This 

process increases groundwater salinity, accelerating steel corrosion and compromising the structural integrity of concrete 

infrastructure. However, addressing these challenges is limited by existing salinity monitoring technologies, which often suffer 

from slow response times and low sensitivity in in-situ conditions. This study proposes a salinity sensor based on Fiber Bragg 

Grating (FBG), enhanced by chemically etching the fiber cladding to create an etched FBG (EFBG). This modification improves 

sensitivity to external refractive indices for accurate salinity detection. A three-layer waveguide dispersion model simulated 

wavelength shifts during sensor etching and testing using MATLAB, revealing how etching diameters impact sensitivity and 

confirming a linear relationship between wavelength and seawater salinity. To improve EFBG durability and reduce hydrofluoric 

acid damage, the etching process was divided into rapid, stable, and fine stages. Results demonstrated that higher etching levels 

increased sensitivity, achieving a sensitivity coefficient of up to 29.432 pm/% in specific conditions. The EFBG salinity sensor 

offers high sensitivity, fast response, compact size, corrosion resistance, and interference immunity, making it ideal for in-situ 

groundwater salinity monitoring in aquifers and mitigating risks to coastal structural health. 
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1 INTROFUCTION 

Excessive groundwater extraction in coastal areas disrupts 

the natural balance between freshwater and seawater, driving 

inland migration of the saltwater-freshwater interface — a 

phenomenon known as seawater intrusion [1,2]. This process 

significantly increases groundwater salinity, which accelerates 

corrosion of steel reinforcements and compromises the 

structural integrity of concrete infrastructure in coastal regions, 

posing severe risks to long-term structural health and safety [3]. 

Monitoring groundwater salinity is crucial for assessing 

seawater intrusion severity and protecting infrastructure [4,5]. 

Existing monitoring techniques include electrical conductivity 

sensors, microwave remote sensing, and fiber optic sensors. 

Electrical conductivity sensors offer high accuracy, but 

inductive types are vulnerable to electromagnetic interference, 

while electrode types suffer from fouling, limiting long-term 

performance[6,7]. Microwave remote sensing enables large-

scale surface salinity observation, but it cannot penetrate below 

the surface or provide in-situ groundwater monitoring [8,9]. 

Fiber optic sensors have attracted increasing attention due to 

their compact size, immunity to electromagnetic interference, 

and high sensitivity [10]. Among them, Fiber Bragg Grating 

(FBG)-based salinity sensors can be divided into polymer-

coated FBGs and etched FBGs (EFBGs). Polymer-coated 

sensors, such as those developed by Jun Cong et al. (2002) [11] 

and Ping Lu et al. (2008) [12], achieve moderate sensitivity, but 

suffer from slow response and poor repeatability due to 

polymer swelling and hysteresis. 

To improve sensitivity, Kerstin Schroeder et al. (2001) [13] 

introduced a side-polished FBG, exposing the evanescent field 

for salinity detection, but the sensor exhibited non-linear 

response in varying temperature and salinity environments. 

Pereira et al. (2004) [14] used hydrofluoric acid to etch FBGs, 

achieving a salinity sensitivity of 1.28 pm/%, but this approach 

lacked robust in-situ adaptation for groundwater monitoring. 

Most existing EFBG sensors focus on biochemical sensing, 

with limited research targeting long-term groundwater salinity 

monitoring for seawater intrusion detection. This study 

develops a high-sensitivity, fast-response EFBG salinity sensor 

capable of salinity measurement, providing a compact and 

reliable solution for real-time in-situ groundwater salinity 

monitoring, contributing to the protection of coastal 

groundwater resources and infrastructure health. 

2 FUNDAMENTAL PRINCIPLE OF EFBG FOR 

SEAWATER SALINITY SENSING 

A Fiber Bragg Grating (FBG) is a reflective grating structure 

inscribed in the core of an optical fiber. When broadband light 

propagates along the fiber axis, the FBG reflects a specific 

wavelength, known as the Bragg wavelength, which is 

determined by the effective refractive index of the fiber core 

and the grating period, as shown in Figure 1 [15]. 

 
Figure 1. The schematic diagram of FBG sensing principle. 

 

The Bragg wavelength λB satisfies the following relationship 

[16]: 

 𝜆𝐵 = 2𝑛𝑒𝑓𝑓Λ (1) 
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where neff denotes the effective refractive index of the fiber core, 

and Λ represents the grating period. 

In conventional optical fibers, the presence of a complete 

cladding layer confines light within the fiber core, making the 

Bragg wavelength largely insensitive to changes in the external 

refractive index. However, by physically or chemically 

reducing the cladding thickness, a portion of the light 

propagating in the core extends into the surrounding medium 

as an evanescent field. This modification allows the effective 

refractive index neff to be influenced by the external refractive 

index, thereby shifting the Bragg wavelength λB. 

As the cladding thickness decreases, the optical fiber 

gradually forms a three-layer waveguide structure, consisting 

of the external medium, the remaining cladding, and the core. 

The modal characteristics of light propagation change 

accordingly, and the propagation constant β is also affected. To 

quantify the influence of cladding etching on the propagation 

constant, the corrected propagation constant for different 

etched diameters can be expressed as [17]: 

 𝛽 = 𝛽0 + 𝜅𝜂𝑃(𝑛𝑆𝑅𝐼 − 𝑛𝑐𝑙) (2) 

where β0 represents the propagation constant under normal 

conditions, k denotes the wave vector, and α is the power loss 

coefficient, representing the proportion of power loss in the 

etched region relative to the total guided power. next and nclad 

denote the refractive indices of the external medium and the 

cladding, respectively. 

From the definition of the propagation constant, the effective 

refractive index neff can be derived as: 

 𝜕𝑛𝑒𝑓𝑓 = 𝜕𝑛𝜕𝜂 (3) 

At the end of the etching process, the effective refractive 

index reaches a stable value, denoted as neff, final. Combining this 

with Equations (1), (2), and (3), the relationship between Bragg 

wavelength shift and external refractive index can be obtained: 

 𝜕𝜆𝐵 = 2Λη0(𝑛𝑆𝑅𝐼 − 𝑛𝑐𝑙) (4) 

This indicates that after etching to a certain diameter, the 

Bragg wavelength becomes highly sensitive to changes in the 

external refractive index. 

In practice, the primary salt component in seawater is sodium 

chloride (NaCl). Therefore, the salinity of seawater can be 

approximated using NaCl solution concentration. At constant 

temperature, the refractive index of NaCl solution exhibits a 

linear relationship with salinity [18]: 

 𝑐(%) = 𝑘𝑠𝑛𝑆𝑅𝐼 − 𝑘0 (5) 

where ks is the salinity coefficient, which remains constant 

under fixed external conditions when only salinity changes. In 

this study, ks is set to 540.5405, and k0 is 720.5946. 

3 NUMERICAL MODEL FOR EFBG SEAWATER 

SALINITY SENSING 

To further establish the quantitative relationship between 

EFBG wavelength shifts and seawater salinity, a numerical 

analysis was conducted using MATLAB. The calculation of the 

effective refractive index requires a fiber waveguide model, 

which can be divided into two-layer and three-layer structures, 

as shown in Figure 2. 

 
Figure 2. Two types of fiber waveguide models: (a) Three-

layer structure; (b) Two-layer structure. 

 

When the fiber cladding is fully etched away or the etching 

extends into the fiber core, the core and external medium form 

a simple two-layer circular waveguide model (Figure 2(a)). 

This type, known as the core-etched FBG, offers high salinity 

sensitivity. However, due to severe cladding removal, the 

mechanical strength is significantly reduced, resulting in poor 

robustness, which limits its suitability for long-term monitoring 

in harsh environments. To balance mechanical integrity and 

sensitivity, this study employs a partially etched FBG structure, 

modeled as a three-layer circular waveguide (Figure 2(b)). The 

dispersion equation for the three-layer fiber waveguide can be 

expressed as follows [19]: 
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The mathematical symbols and parameters used in the 

equation are defined as: 

 𝑍𝑚̂(𝑥) =
𝑍𝑚(𝑥)

𝑥𝑍𝑚+1(𝑥)
 (7) 

 𝑢 = 𝑎1(𝑘0
2𝑛1

2 − 𝛽2)1/2 (8) 

 𝑢′ = 𝑎2(𝑘0
2𝑛𝑐𝑙

2 − 𝛽2)1/2 (9) 

 𝑣′ = 𝑎2(𝛽
2 − 𝑘0

2𝑛𝑐𝑙
2 )1/2 (10) 

 𝑣 = 𝑎2(𝛽
2 − 𝑘0

2𝑛𝑆𝑅𝐼
2 )1/2 (11) 

 𝑐 =
𝑎1

𝑎2
 (12) 

where k0 denotes the vacuum wave number. The fiber 

parameters used in this model match the experimental optical 

fiber specifications discussed later. Jm and Ym represent the first 

and second kind Bessel functions, respectively, while Im and Km 

denote the modified first and second kind Bessel functions. 

Based on the above equations, MATLAB was used to 

calculate the relationship between FBG wavelength and fiber 

diameter during the etching process. Figure 3 illustrates the 

variation in Bragg wavelength as a function of fiber diameter 

when the external refractive index is set to 1.333. 
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Figure 3 Diagram of wavelength variation as a function of 

diameter during etching. 

 

As shown in Figure 3, at the initial stage of etching, the thick 

cladding confines the optical field within the core, making the 

wavelength almost insensitive to the external refractive index. 

As etching progresses and the cladding becomes thinner, the 

evanescent field begins to interact with the external 

environment. Due to the lower refractive index of the 

surrounding medium compared to the cladding, the Bragg 

wavelength decreases sharply as the diameter decreases. This 

trend provides a basis for real-time monitoring of fiber diameter 

during the etching process. 

The surface salinity of seawater typically ranges from 3.4% 

to 3.7%. To evaluate the feasibility of EFBG sensors for 

seawater salinity monitoring, MATLAB simulations were 

carried out to investigate the relationship between salinity and 

wavelength shift under low-salinity conditions. As shown in 

Figure 4, the smaller the fiber diameter, the higher the salinity 

sensitivity. Within the salinity range of 0–6%, EFBG sensors 

with different diameters all exhibit a clear linear relationship 

between salinity and wavelength shift. Higher etching levels 

consistently lead to increased salinity sensitivity, providing 

important design and fabrication guidelines for EFBG-based 

salinity sensors. 
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Figure 4 Relationship between wavelength variation and 

salinity at low salinity. 

 

4 EXPERIMENTAL DESIGN AND SALINITY SENSING 

TESTS 

 Etching Process 

The fiber optic sensing element used in this study is a single-

point fiber Bragg grating sensor with a central wavelength of 

1564 nm, a wavelength tolerance of ±0.2 nm, and a grating 

length of 10 mm. The fiber is coated with an acrylate layer, with 

a reflectivity of 88.3%, a 3 dB bandwidth of 0.23 nm, and a side 

mode suppression ratio of 22 dB. The core diameter is 9 μm, 

cladding diameter is 125 μm, and the coating diameter is 240 

μm, consistent with the parameters used in the numerical 

simulations. 

Hydrofluoric acid (HF), known for its strong corrosive 

properties on glass and silicon-based materials, was used to 

etch the fiber cladding. The initial HF concentration was 40%, 

which was diluted with distilled water to prepare solutions of 

lower concentrations for staged etching. During the etching 

process, the non-grating sections of the fiber were covered with 

paraffin wax to protect them from unnecessary etching. The 

fiber was also connected to an NZS-FBG-A01 interrogator 

(Suzhou Nanzhi Sensing Technology Co., Ltd.) via patch cords 

to monitor real-time Bragg wavelength shifts, allowing precise 

control over the final cladding diameter. The interrogator 

operates in the wavelength range of 1528-1568 nm with a 

resolution of 1 pm. To ensure the reliability of etching rate 

measurements, three bare fibers were fixed in parallel on a T-

shaped plastic holder and immersed in HF solutions for parallel 

etching experiments. Each etching session lasted 60 minutes, 

after which the fibers were thoroughly rinsed with deionized 

water to remove residual acid and air-dried in a ventilated area. 

The diameters of the fibers were measured under an optical 

microscope, and the average diameter of the three fibers was 

recorded for each condition. This process was repeated to 

determine etching rates at different HF concentrations. 

 

Figure 5. Microscope images of bare fibers etched by 

hydrofluoric acid at different concentrations: (a) 40% 

concentration; (b) 20% concentration; (c) 5.7% concentration. 

 

The results show that higher HF concentrations lead to faster 

etching rates but also create rougher fiber surfaces, as shown in 

Figure 5. To reduce surface irregularities, minimize residual 

stress, and improve the wavelength stability of the sensor, a 

staged etching process was employed. In this process, high-

concentration HF was first used for rapid bulk etching, 

followed by lower-concentration HF for gradual surface 

refinement. This method ensures a smoother grating surface 

and reduces unwanted stress-induced wavelength shifts. 

 Salinity Testing 

To simulate coastal groundwater conditions, artificial 

seawater with salinities ranging from 0% to 6% (in 1% 

increments) was prepared by dissolving NaCl in distilled water. 

The EFBG sensor was sequentially immersed in these solutions, 

and the Bragg wavelength was recorded in real time to evaluate 

its response to salinity changes. 
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Figure 6. Bragg wavelength variation at different salinities. 

 

The initial wavelength offset of the EFBG was 7.5 nm. Based 

on the diameter-wavelength relationship established through 

numerical analysis, the cladding diameter of the EFBG was 

calculated to be 14.82 μm. The measured Bragg wavelength 

shifts at different salinity levels are shown in Figure 6. As 

illustrated, the Bragg wavelength shift increases significantly 

with rising salinity and demonstrates a clear linear relationship 

with salinity. The EFBG sensor achieved a salinity sensitivity 

of 29.432 pm/%, confirming its potential for high-sensitivity 

salinity monitoring.  

5 CONCLUSION 

This study developed an etched fiber Bragg grating (EFBG) 

sensor for in-situ monitoring of groundwater salinity in coastal 

aquifers affected by seawater intrusion. A combination of 

numerical modeling, staged chemical etching, and salinity 

calibration experiments was used to evaluate sensor 

performance. The key conclusions are as follows:  

(1) A three-layer fiber waveguide model was established to 

simulate the effect of cladding etching on Bragg wavelength 

shifts. Numerical results confirmed that reducing the cladding 

diameter enhances evanescent field sensitivity, significantly 

improving salinity response. A clear linear relationship 

between Bragg wavelength shift and salinity was observed 

within the 0-6% salinity range. 

(2) A staged etching process using high and low 

concentrations of hydrofluoric acid was employed to optimize 

both the etching efficiency and surface smoothness. This 

approach minimized surface defects, reduced stress-induced 

wavelength drift, and ensured stable sensor performance. 

(3) Experimental results demonstrated that the EFBG sensor 

with a cladding diameter of 14.82 μm achieved a salinity 

sensitivity of 29.432 pm/%, with excellent linearity between 

Bragg wavelength shift and salinity. This high sensitivity, 

combined with the sensor's compact size, corrosion resistance, 

and real-time monitoring capability, makes it well-suited for 

long-term in-situ groundwater salinity monitoring in coastal 

areas. 

Overall, the proposed EFBG sensor offers a practical and 

effective solution for groundwater salinity monitoring, 

contributing to improved seawater intrusion early warning and 

the protection of coastal infrastructure and water resources. 
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