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Yours sincerely,
Huaiqing Zhang
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[bookmark: OLE_LINK42]Dear Editors and Reviewers:
    Thank you for your letter and for the reviewers’ comments concerning our manuscript entitled “BP Neural Network and improved Particle Swarm Optimization for Transient Electromagnetic Inversion”. (MS No.: npg-2019-36). Those comments are all valuable and very helpful for revising and improving our paper, as well as the important guiding significance to our researches. We have studied comments carefully and have made correction which we hope meet with approval. Revised portion are marked in red in the paper. The main corrections in the paper and the responds to the reviewer’s comments are as flowing:

For your guidance, itemized response to each review’s comments is appended below.

Reviewer #2:
[bookmark: OLE_LINK39]Dear reviewer:
1- The main problem is the TEM forward calculation in this manuscript. It is not clear for me. Is it frequency or time domain? The authors said that this is a transient EM. However, they started derivation with the frequency domain expression using Kaufman’s (1983) book, then they obtained Hz(t) response using Gravier –Stehfest method. If you start a frequency domain, after getting a layered response function you need to get the Fourier transform to get back to in the time domain. Either frequency or time domain we need to use some kind of filter function, since there is no analytic solution for a layered earth. Thus, we use some approximations. In addition, I don’t see an apparent resistivity formula in the manuscript. Do they use a late time or early time approximation for the apparent resistivity calculation (or all time approximation)? I would like to see a clear explanation about the apparent resistivity formula and TEM forward response explanation in the manuscript. Please be clear about the TEM forward calculation.
（1） [bookmark: OLE_LINK15]We are sincerely sorry that the TEM forward calculation has not been explained clearly in the manuscript. After careful consideration and modification, the relevant content has been added in the Forward Model part of article and was elaborated as follows:
1. TEM forward response explanation
The forward model of this paper belongs to the time domain. Due to the high-frequency oscillation and slow decay characteristics of the Bessel function in the formula (15) of this manuscript, the analytical solution can only be obtained in uniform half-space. However, the layered geoelectric model can only be solved by numerical calculation method.
[bookmark: OLE_LINK16][bookmark: OLE_LINK17] Considering the Hankel transformation of the first-order Bessel function, Anderson used a linear numerical filtering method with a filter coefficient of 283, which achieved better results.Then based on Anderson's research, D.Guptasarma and B.Singh (1997) improved the digital filtering algorithm and gave filter coefficients which of 61 and 120 points J0, 47 and 140 points J1, and getting higher calculation accuracy. This paper adopts the improved digital filtering method, the filter coefficient of 47 points J1 is selected by a large number of experiments, so that the frequency domain response of layered earth with the center loop source can be obtained. Then, according to the Laplace transform and the related properties, the frequency domain response is converted into a complex frequency domain. Next, due to the accuracy of the Gaver-Stehfest algorithm is higher than that of the Guptasarma algorithm in the late stage, and the method has the characteristics of slow filtering speed and pure real number operation, which makes it faster than cosine transform, so that the algorithm can be used to solve complex terrains. Finally, the Gaver-Stehfest algorithm is selected to transform the complex frequency domain response into a time domain response. Among them,the 12-point filter coefficient is used in the G-S transform algorithm, and the detailed derivation process and explanation are as follows:
1) [bookmark: OLE_LINK38]Frequency domain response of the center loop source

[bookmark: OLE_LINK18][bookmark: OLE_LINK19]For circular emission loops, the analytical solution is typically derived from the area of the perpendicular magnetic dipole source or the line integral of the horizontal magnetic dipole. Consider the vertical dipole dm(), and the emission current I. Calculate the area of dm along the entire loop through a surface integral:

		(1)
[bookmark: OLE_LINK20]Using the following formula:

		(2)
Bring into equation (1) and interchange the integral with the summation order:

		(3)
In the above formula, the inner layer integral is not zero only when n=0, so there are:

		(4)
Using the below relation:

		(5)
We can obtain：

		(6)
[bookmark: OLE_LINK21]Similarly, we can get:

[bookmark: OLE_LINK13]		(7)
where a is the radius of the circular transmitting coil.
Therefore, the frequency domain response of the center loop (ρ=0) can be acquired as:


      	                (8)
Among them, the recursive relationship can be gained after a series of derivations:


		(9)
① Analytic calculation of frequency domain response in uniform half space

[bookmark: OLE_LINK22]Through the above formula, the frequency domain response of the central return line（n=1，） in a uniform half space can be obtained as follows:

		(10)
[bookmark: OLE_LINK23]Also, we can gain the analytical formula of the vertical magnetic field ：

		(11)
[bookmark: OLE_LINK24]② Numerical calculation of frequency domain response for layered geoelectric model (Hankel transform)
In the integral formula (7), due to the high-frequency oscillation and slow decay of the Bessel function, the analytical solution can be obtained only in the uniform half-space. But for the solution of the layered earth, only the numerical calculation method can be used. Anderson used linear numerical filtering, using 283 as the filter coefficient, and achieved ideal results.
Based on Anderson's research, D.Guptasarma and B.Singh (1997) improved the digital filtering algorithm and gave the filter coefficients of 61 and 120 points J0 and the filter coefficients of 47 and 140 points J1. Its calculation accuracy is higher. The calculation formula for the improved digital filtering method of Guptasarma and Singh is:

	                          (12)

[bookmark: OLE_LINK25]In the formulaλi=1/r×10[a+(i-1)s]，, Wi is the filter coefficient. After the numerical simulation experiment, the 47-point J1 filter coefficient is selected, so that the frequency domain response of the layered earth transient electromagnetic can be obtained, which lays a foundation for the solution of the next time domain response.
2) [bookmark: OLE_LINK26]Time domain response of center loop source 



According to the Laplace transform and related properties, the correlation complex frequency domain response function can be obtained, and then The supply current I(s) is multiplied by the vertical magnetic field frequency domain response functionto obtain the time domain response and time partial derivative：

	 	  (13)

[bookmark: OLE_LINK27]If the supply current is a unit positive step response, its corresponding Lagrangian transformation is; if the supply current is a unit step response:

		(14)
Where T1 is the off time and its corresponding Lagrangian transformation is

		(15)
In actual exploration work, to avoid the electromagnetic noise generated by the sky power, the detecting device usually observes the signal induced voltage:

		(16)
[bookmark: _Toc417653533]where, S is the area of the receiving coil, and n is the number of turns of the coil. The induced voltage is proportional to the rate of change of the vertical component of the magnetic induction.

[bookmark: OLE_LINK28]① Analytic calculation of time domain response in uniform half space
According to the formula (11) and (13), the positive step response of the central loop can be obtained:	

                	(17)
[bookmark: OLE_LINK29]According to f-(t)=f(∞)-f(t)，t>0 , the negative step response of the center loop and the time derivative of the vertical magnetic field can be obtained:

		(18)

		(19)
[bookmark: _Toc509863160][bookmark: _Toc509861278][bookmark: _Toc3306][bookmark: _Toc511034925][bookmark: _Toc510864372]② Numerical calculation of time domain response of geoelectric model (G-S transformation)
[bookmark: OLE_LINK30][bookmark: OLE_LINK51][bookmark: OLE_LINK50][bookmark: OLE_LINK31]Through the above, the numerical solution of the frequency domain response of the layered geoelectric model is gained, and then the time domain response is got by frequency-time domain conversion. At present, the main frequency-time domain conversion methods include Fourier transform method, delay spectrum method, Guptasarma filtering algorithm and Gaver-Stehfest inverse Lagrangian transform method. The four methods have their own advantages, disadvantages and applicable scope. Although the Fourier transform method can be used for a variety of geoelectric models and launchers, multiple frequency and kernel function samplings make the calculations large and computationally slow. The delay spectrum method is also called the attenuation spectrum method. The required calculation frequency is small and the calculation amount is small, but the generalized solution of the ill-conditioned matrix needs to be solved, and the late transient response is not stable enough.The late response of the Guptasarma filtering algorithm is more stable than the delay spectrum method, but the number of frequency samples required is increased and is only suitable for calculating a simple geoelectric model.The Guptasarma filtering algorithm is large, but Gaver-Stehfest algorithm has the advantages of pure real number operation, high calculation precision, less required frequency points and can be used to calculate complex geoelectric models. It has wider applicability in electromagnetic detection. 
The complexity of the frequency domain electromagnetic field makes it difficult to solve the time domain theoretical response by Fourier transform method, but the time domain response can be numerically calculated by Gaver-Stehfest inverse Lagrangian transform (G-S transform). Therefore, this paper selects the Gaver-Stehfest algorithm to realize the time-frequency conversion of the central loop.
Through a series of derivation and conversion simplification, we can get the Gaver algorithm formula:

		(20)
Stehfest improved the above equation using an interpolation formula whose calculation expression is:

		(21)
[bookmark: OLE_LINK32]where sm=(ln2/t)×m, Km is the filter coefficient of the G-S transform algorithm:

		(22)
[bookmark: OLE_LINK33]where k is the integer part of [(m+1)/2] and N is digital length of the computer. At a certain time, the time domain transient response hz(t) is the sum of the product of the selected discrete F(sm) and the coefficient Km, thus realizing the frequency domain to time domain conversion. Therefore, the Gaver-Stehfest algorithm is chosen to transform the central loop frequency domain response into a time domain response, in which 12-point filter coefficients are used in the G-S transform algorithm.
二. The apparent resistivity problem
[bookmark: OLE_LINK34]Since the vertical magnetic field response Hz is used as input value to the neural network in the manuscript, the apparent resistivity formula is not listed in detail. Regarding the magnetic field strength and apparent resistivity, the method of defining all time apparent resistivity using the magnetic field strength (or magnetic induction) can better reflect the geoelectric model. Among them, when the magnetic resistivity time partial derivative or induced electromotive force is used to define the all time apparent resistivity, multiple solutions or no solutions will occur, and there are obvious false extremums. This method blurs the correct reflection of the formation parameters.The all time apparent resistivity defined by the magnetic field strength or the magnetic induction intensity is a single-valued function, and there is no false extremum. Therefore, the method of defining the apparent resistivity by using the magnetic field strength (or magnetic induction) can better reflect the geoelectric model. It is also meaningful to convert the induced voltage measured in the survey into a vertical magnetic field.Its detailed description of the all time apparent resistivity is as follows:
[bookmark: _Toc1944][bookmark: _Toc511034961][bookmark: _Toc510864407]1) Definition of apparent resistivity of the central loop
[bookmark: OLE_LINK35]At present, there are many methods for defining the all time apparent resistivity of the transient electromagnetic method. According to the data source, it can be roughly divided into two types: based on the magnetic field strength (magnetic induction intensity) and based on the induced electromotive force. The transient response（hz、∂hz/∂t) at the center of the center loop in a uniform half-space is as shown in equations (2.51) and (2.52):

		(23)
The expression of the magnetic induction and its time partial derivative is:	

	        (24)

		(25)

The all time apparent resistivity can be expressed as:

		(26)
[bookmark: _Toc22244][bookmark: _Toc511034963][bookmark: _Toc510864409][bookmark: OLE_LINK40]When using the magnetic induction time partial derivative or the induced electromotive force to define the all time apparent resistivity, multiple solutions or no solutions will occur, and there are obvious false extremums. This method blurs the correct reflection of the formation parameters, and the magnetic field strength or The full-area apparent resistivity defined by magnetic induction is a single-valued function, and there is no false extremum. Therefore, it is better to use the magnetic field strength (or magnetic induction) to define the all time apparent resistivity.
2) Method of converting induced voltage into vertical magnetic field

From the above analysis, it can be seen that the all time apparent resistivity defined by the magnetic field strength can better reflect the geoelectric model, therefore, it is very meaningful to convert the induced voltage measured into a vertical magnetic field in the exploration. The relationship between the center loop induced voltage Vz (t) measured by the transient instrument and the vertical magnetic field Hz(t) is:		(27)
Integrate on both sides of equation (27):

		(28)
When the upper limit of the integral is the time variable t or the lower limit of the integral takes the time variable t, the above formula can be changed to:

		(29)

		(30)
[bookmark: OLE_LINK36]If Hz is calculated by equation (29), Hz(a)at time a→0 is required, but due to the existence of turn-off time, an error will inevitably occur in the calculation, and as time increases, the relative error will continue. Increases will cause late response distortion. It can be seen from the response curve that when the time t is large, the response values of the vertical magnetic field and its time partial derivative tend to be zero, so the response value of the last sampling point can be replaced by 0. When b is large in the formula (30), Hz(b)=0,when t decreases continuously, the value of Hz(t) increases continuously, and the relative error also decreases. The error for early calculation can be neglected. The calculation formula is:

		(31)

2-There is no field data for the inversion as an example, which is very important. All calculation is synthetic. The manuscript can be published in this journal after my suggestion completed.
(Note: Upon request I can provide a field data set to the Authors. I am running a project; the project includes TEM field measurement. )
[bookmark: OLE_LINK37](2) Thank you very much for your comments, a field example are added as follows. At the same time, we sincerely hope to get your TEM measured data set, we will be particularly grateful. 

4.4  Field example analysis
In order to test the effectiveness of the method, a transient electromagnetic vertical magnetic field (Hz) with 10 measuring points at the 380m to 1280m of the No. 1 line from a mining area in Anhui Province was selected. After the data processing, the inversion was performed using the 3-layer neural network model in the previous section, and the results of BP and COPSOBP inversion were compared.Figure 1 shows the comparison between the surveyed data and the inversion data at 380m of the No. 2 line in the mining area.Figure 6 displays the pseudo-sections of the 10 sets of inversion data combined with the geological data interpolation smoothing.It can be seen from Fig. 2 that the first layer is a low resistivity (100~200 Ω·m), which is inferred to be the second layer (T2g22) gray dolomite of the Middle Triassic old Malague section, with a thickness of about 200 m; the second layer is the second highest resistivity (300~400 Ω·m), which is surmised to be the first layer (T2g21) dolomite of the Middle Triassic old Malaga section, with a thickness of about 400m;the third layer is high resistivity (600~800Ω·m), which is speculated to be the 6th layer (T2g16) limestone dolomite of the Middle Triassic old group.The results are basically consistent with the geological conditions of the mining area, indicating the feasibility and effectiveness of the neural network method.And the results of COPSO-BP inversion are better than those of BP, which the inversion position is more accurate, the shape and spacing are clearer, and the resistivity of each layer is more consistent with the those of the actual geological model.
[image: ][image: ]

(a) BP                             (b) COPSOBP
Figure 1. 1D inversion forward results. (a) BP; (b) COPSOBP.
[image: ][image: ]
(a) BP                               (b) COPSO-BP
[bookmark: _GoBack]Figure 2. Inversion results of BP (a) and COPSO-BP (b).

Special thanks to you for your good comments.


We tried our best to improve the manuscript and made some changes in the manuscript. These changes will not influence the content and framework of the paper. And here we did not list the changes but marked in red in revised paper.
    We appreciate for Editors/Reviewers’ warm work earnestly, and hope that the correction will meet with approval.

[bookmark: OLE_LINK41]Once again, thank you very much for your comments and suggestions.
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