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1 Data Pre-processing

1.1 Sampling Errors for State-level Desired Sex Ratio at Birth Observations

We process the individual-level data and household data from the four India DHS 1992–1993, 1998–1999,
2005–2006 and 2015–2016 to compute the observations and corresponding sampling errors of desired sex
ratio at birth (DSRB). India DHS, also known as the National Family Health Survey (NFHS), adopt a two-
stage stratified sampling frame for rural areas and a three-stage sample design for urban areas, except for the
2015–2016 DHS where two-stage sampling frame were applied to both rural and urban areas [8]. The first
stage is to sample the primary sampling units with probability proportional to population size, followed by
random selection of census enumeration block and/or households. To simplify, all notations in this section
refer to state level in India, for a specific India DHS survey. Hence, we remove the subscription c from all
notations in this section.

For a specific DHS survey, we calculate the Jackknife sampling error for log-transformed DSRB at the
time when women were interviewed. The reference year t of the DSRB for a DHS survey is taken as the
mid point of the survey fieldwork period. Let U denote the total number of clusters or primary sampling
units. The u-th partial prediction of DSRB is given by:

d−u =

∑M
m=1 Im(vm 6= u)Bmwm∑M
m=1 Im(vm 6= u)Gmwm

, for u ∈ {1, . . . , U},

where m indexes each women interviewed in a DHS survey during the reproductive age under 35 years old,
and M is the total number of such women in a survey. vm is the cluster number of the m-th woman, Bm
and Gm are the desired number of boys and girls1 respectively for the m-th women, wm is the sampling
weight for the m-th woman. I(·) = 1 if the condition inside brackets is true and I(·) = 0 otherwise. The
u-th pseudo-value estimate of DSRB on the log-scale is:

log(d)∗u = U log(dobs)− (U − 1) log(d−u),

where dobs =
∑M

m=1Bmwm∑N
n=1Gmwm

.

The Jackknife variance of log-transformed DSRB is:

σD
2 =

∑U
u=1

(
log(d)∗u − log(d)

)2
U(U − 1)

.

where log(d) = 1
U

∑U
u=1 log(d)∗u.

1.2 State-level TFR Data

TFR data by Indian State/UT during 1990–2016 are primarily from the India Sample Registration System
(SRS). The TFR values in Kerala in 1991 and 1994 are taken from [10]. The TFR projections by Indian
State/UT during 2017–2030 are from [9].

2 Model for State-level Desired Sex Ratio at Birth

For the i-th observation of the log of desired sex ratio at birth (DSRB) di, we assume it follows a normal
distribution on the log-scale:

di ∼ N (Dc[i],t[i], σD
2
i + ω2), for i ∈ {1, · · · , 101}. (1)

1If a woman have no preference of boys or girls, we assume that Bm = Gm = Tm/2, where Tm is the ideal number of children
for the m-th woman.
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The mean of the distribution Dc[i],t[i] is the true DSRB on the log-scale for state c[i] in year t[i] for the i-th
observation. The model of the mean is explained in the rest of this section. The variance of the distribution
is the sum of sampling and non-sampling variances. σD2

i is the sampling variance for the i-th observation
computed using the Jackknife method (see Section 1.1). ω2 is the non-sampling variance parameter for DHS
survey data (hence estimated in the model), representing the data errors that are not possible to quantify or
be eliminated mainly due to non-response, recall errors, and data recording errors.

3 Statistical Computing

Computing of SRB Model We use the R-package INLA [16] for model fitting of the state-level SRB.

Computing of DSRB Model We obtained posterior samples of all the model parameters and hyper pa-
rameters using a Markov chain Monte Carlo (MCMC) algorithm, implemented in the open source softwares
R 3.6.1 [15] and JAGS 4.3.0 [14] (Just another Gibbs Sampler), using R-packages R2jags [19] and
rjags [12]. Results were obtained from 8 chains with a total number of 1,000 iterations in each chain, while
the first 2,000 iterations were discarded as burn-in. After discarding burn-in iterations and proper thinning,
the final posterior sample size for each parameter is 8,000. Convergence of the MCMC algorithm and the
sufficiency of the number of samples obtained were checked through visual inspection of trace plots and
convergence diagnostics of Gelman and Rubin [5], implemented in the coda R-package [13].

4 Estimates of sex-specific live births, missing female births

To quantify the effect of SRB imbalance due to sex-selective abortion, we calculate the annual number of
missing female births (AMFB) and the cumulative number of missing female births (CMFB) over time.
The estimated and expected female live births for an Indian State/UT c in year t, denoted as BF

c,t and BFE
c,t

respectively, are obtained as follows [6]:

BF
c,t =

Bc,t

1+Rc,t
,

BFE
c,t =

Bc,t−BF
c,t

N ,

where N is the SRB baseline for the whole of India [2, 3]. Bc,t is the total number of births for Indian
State/UT c year t [9], as illustrated in Figure 3.

The annual number of missing female births (AMFB) for an Indian State/UT c in year t is defined as:

BF∗
c,t = BFE

c,t −BF
c,t.

The cumulative number of missing female births (CMFB) for a period t1 to t2 in an Indian State/UT c is
defined as the sum of AMFBs from the year t1 up to the year t2:

ZF∗
c,[t1,t2]

=

t2∑
t=t1

BF∗
c,t .

An Indian State/UT is identified to have an SRB imbalance if its AMFB in at least one year since 2017
is above zero for more than 95% of the posteriors samples:

2030∑
t=2017

It

 1

G

G∑
g=1

Ig
[(
BF∗
c,t

)(g)
> 0
]
> 95%

 ≥ 1,

where
(
BF∗
c,t

)(g) is the g-th posterior sample of the AMFB for Indian State/UT c in year t.
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5 Model Summary

Table 1 summarizes the notations and indexes used in this paper.

Model for State-level Sex Ratio at Birth

si ∼ N (Sc[i],t[i], 0.0012), for i ∈ {1, · · · , 566},
Sc,t = log(N) + Pc,t, for ∀c,∀t,
Vc,t = αcDc,t+5 + fc (Fc,t) , for ∀c,∀t,

Pc,t|Vc,t ∼ N (Vc,t, σ
2
ε /(1− ρ2c)), for ∀c, t = 1,

Pc,t|Pc,t−1, Vc,t = Vc,t + ρc(Pc,t−1 − Vc,t) + εc,t, for ∀c, t ∈ {2, · · · , T},

αc|τα
i.i.d.∼ N (0, τ−1

α ), for ∀c,
εc,t ∼ N (0, τ−1

εc ), for ∀c, t ∈ {2, · · · , T},
fc (Fc,t) = ∆2

c,t = Fc,t − 2Fc,t−1 + Fc,t−2, for ∀c, t ∈ {3, · · · , T},
∆2
c,t ∼ N (0, τ−1

c ), for ∀c, t ∈ {3, · · · , T}.

Priors for State-level Sex Ratio at Birth Model The state-specific auto-regressive parameter ρc and τεc
and the log-precision parameter log(τα) for the state-specific DSRB coefficient are assigned with Penalized
Complexity (denoted as PC) priors as explained in [17].

log

(
τc
ηc

)
∼ PCprec(u = ν, α = 0.01), for ∀c,

ρc ∼ PCcor1(u = 0.8, α = 0.5), for ∀c,
φc = log(τεc) ∼ PCprec(u = 1, α = 0.01), for ∀c,

log(τα) ∼ PCprec(u = ν, α = 0.01), for ∀c.

where ν = 0.042 is the standard deviation of all the observations on the log-scale.
The density for ρc prior PCcor1(u, α) is:

π(ρc) =
λ exp

{
−λ
√

1− ρc
}

1− exp
{
−
√

2λ
} 1

2
√

1− ρc
,

exp
{
−λ
√

1− u
}

1− exp
{
−
√

2λ
} = α.

The density for the log-precision φc = log(τεc) prior PCprec(u, α) is:

π(φc) =
λ

2
exp

{
−λ exp

{
−φc

2

}
− φc

2

}
,

λ =
log(α)

u
.

The log precision log(τc) is scaled such that fc (Fc,t) has a generalized variance equal to 1 [18]. ηc is a
value where INLA auto-generated.
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State-level SRB model
Symbol Description
i Indicator for the i-th SRB estimate during 1990–2016 for model input across all state-

years, i ∈ {1, . . . , 566}.
t Indicator for year, t ∈ {1, . . . , T}. t = 1 refers to year 1990 and t = T refers to year

2030.
c Indicator for Indian State/UT, c ∈ {1, . . . , C}, where C = 29.
si The i-th SRB estimate on the log-scale during 1990–2016 for model input, taken from

[4].
Rc,t The model fitting for the true SRB for State/UT c in year t.
Sc,t The model fitting for the true SRB on the log-scale for State/UT c in year t. Sc,t =

log(Rc,t).
N The baseline level of SRB for the whole India. N = 1.053 [2, 3].
Pc,t The difference between Sc,t and log(N) for State/UT c in year t. Pc,t = Sc,t− log(N)

Vc,t The conditional mean for Pc,t.
Dc,t+5 The log of desired sex ratio at birth (DSRB) for state c in year t + 5. Dc,t+5 is used

to correspond to Vc,t, where the 5-year time lag between Dc,t+5 and Vc,t is to reflect
the assumption that the DSRB generated from DHS of women under age 35 should
represent the desire at the time before the first births [1].

Fc,t The log of total fertility rate (TFR).
fc (Fc,t) The state-specific non-linear function with RW2 structure for Fc,t.
ρc State-specific autoregressive parameter in AR(1) time series model for Pc,t.
τεc State-specific precision of distortion parameter in AR(1) time series model for Pc,t.
αc The state-specific coefficient parameter for Dc,t+5.

State-level DSRB model
Symbol Description
i Indicator for the i-th DSRB observation across all state-years, i ∈ {1, . . . , 101}.
t Indicator for year, t = 1, . . . , T . t = 1 refers to year 1990 and t = T refers to year

2035.
c Indicator for Indian State/UT, c ∈ {1, . . . , C}, where C = 29.
di The i-th DSRB observation on log-scale across all state-years.
σDi The i-th sampling error for log-scaled DSRB observation, which is a pre-calculated

value.
Dc,t The model fitting for the true DSRB on log-scale for State/UT c in year t.
∆c,t The difference between exp {Dc,t} and 1 for State/UT c in year t. ∆c,t = exp {Dc,t}−

1.
φc The state-specific coefficient parameter of the logit function of ∆c,t.
ζc The state-specific intercept parameter of the logit function of ∆c,t.
δc The state-specific scale parameter of the logit function of ∆c,t.
µφ and σφ The global mean and standard error parameters for φc.
µζ and σζ The global mean and standard error parameters for ζc.
µδ and σδ The global mean and standard error parameters for δc.
ω The non-sampling error parameter for every log-scaled DSRB observation di.

Table 1: Notation summary.
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Model for State-level Desired Sex Ratio at Birth

di ∼ N (Dc[i],t[i], σD
2
i + ω2), for i ∈ {1, · · · , 101},

exp {Dc,t} = 1 + ∆c,t, for ∀c,∀t,

∆c,t =
δc · exp {φc · log(t) + ζc}
1 + exp {φc · log(t) + ζc}

, for ∀c,∀t,

δc ∼ N (µδ, σ
2
δ ), for ∀c,

φc ∼ N (µφ, σ
2
φ), for ∀c,

ζc ∼ N (µζ , σ
2
ζ ), for ∀c,

µδ ∼ U(−0.5, 0.5),

µφ ∼ U(−0.5, 0.5),

µζ ∼ U(−0.5, 0.5),

σδ ∼ U(0, 2),

σφ ∼ U(0, 2),

σζ ∼ U(0, 2),

ω ∼ U(0.05, 2).

U(a, b) denotes a continuous uniform distribution with lower and upper bounds at a and b respectively.

6 Supplementary Figures

The covariates and other data used for the projection are illustrated in the following plots:

• Figure 1: Desired sex ratio at birth by Indian State/UT, 1990–2040, used as a covariate in the model.

• Figure 2: Total fertility rate by Indian State/UT, 1990–2030 [9], used as a covariate in the model.

• Figure 3: Number of births by Indian State/UT, 2017–2030 [9], used to compute number of missing
female births by Indian State/UT.

• Figure 4: SRB estimates and projections by Indian State/UT, 1990–2030.
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Figure 1: Desired sex ratio at birth (DSRB) by Indian states, 1990–2040. The red line and shades are the
median and 95% credible intervals of the state-specific DSRB. Data from different surveys are differentiated
by dot shapes and colors. Vertical line segments around the data represent the sampling variability in the
observations (quantified by two times the /sampling standard errors).
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Figure 2: Total fertility rate by Indian states, 1990–2030. The median estimates and projections of total
fertility rates are shown for the 29 Indian States and Union Territories [9]. The horizontal line is at 2.1,
refers to the replacement level of fertility rate.
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Figure 3: Number of births by Indian states, 2017–2030. The median projections of the number of births
(in thousands) are shown for the 29 Indian States and Union Territories [9].

Figure 4: SRB estimates and projections by Indian states, 1990–2030. The red line and shades are
the median and 95% credible intervals of the state-specific SRB. The SRB median estimates before 2017
are from [4]. The green horizontal line refers to the SRB baseline for the whole India at 1.053 [2]. SRB
observations used in prior study [4] are displayed with dots and observations are connected with lines when
obtained from the same source. Shades/vertical line segments around the data series represent the sampling
variability in the series (quantified by two times the stochastic/sampling standard errors). The census data in
Jammu and Kashmir is not used to model SRB estimates during 1990–2016 due to its data quality [7]. Blue
dashed lines refer to projections from the National Commission on Population, which is based on linear
extrapolation [11].
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