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ABSTRACT

The National Resources Inventory (NRI) is a study of land use based on a large area sample of the United States. The
sample for 2002 is a two-phase sample in which the observations for 2002 are a subsample of the 1997 sample. A
replication variance estimation method for two phase samples is described and applied to the NRI. The procedure
reproduces the estimated variance of the first phase sample for those attributes of the first phase sample used as controls for
the second phase sample. Only the second phase sampleis required by the analyst for variance estimation.
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1. INTRODUCTION

In two-phase sampling, also known as double sampling, observations are made on a vector of auxiliary variablesin a
large sample, called the first phase sample. Then observations are made on the variables of interest using a smaller
sample, called the second phase sample. The smaller sample is typically a subsample of the original sample. Often
the vector of auxiliary variables is a vector of indicator variables defining subgroups (strata) of the original sample
used in selecting the second phase sample.

Rao (1973) and Cochran (1977) give formulas for variance estimation when the first phase is a simple random
sample and the second phase is a stratified random sample. Sérndal, Swensson and Wretman (1992, ch. 9) discuss
two phase sampling. Kott (1990) derived a formula for variance estimation when the first phase is a stratified
random sample and the second phase is a stratified random sample of the first phase sample based on strata defined
by first-phase information. Rao and Shao (1992) proposed a jackknife variance estimation method in the context of
hot deck imputation where the second phase strata correspond to imputation cells. Binder (1996) illustrated a
“cookbook approach” to variance estimation for the two phase ratio estimator. Binder et a. (1997) derived formulas
for variance estimation for various estimators for two-phase re-stratified sampling. Rao and Sitter (1995) and Sitter
(1997) consider variance estimation for two-phase samples. Fuller (1998) proposed a replicate variance estimation
method for the two-phase regression estimator that is particularly convenience for multipurpose surveys.

Kott and Stukel (1997) pointed out that, for a stratified second phase sample with the reweighted expansion
estimator, the replication method proposed by Rao and Shao (1992) produces consistent variance estimates. Kim,
Navarro and Fuller (2004) give areplication method for estimating the variance of the direct expansion estimator for
a second phase stratified sample. We give the corresponding replication variance estimator for the two-phase
regression estimator. In the last section, an application of replication variance estimation in the Natural Resources
Inventory is described.

! Department of Statistics, lowa State University, Ames, A, 50011, U.SA.
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2. ASYMPTOTIC PROPERTIES

Let the finite population be of size N and indexed from 1 to N. Let the parameter of interest be the population total
Y = Zi“il y,, where y; isthe study variable and N is assumed to be known. Suppose we have afirst phase sample of
size n,. Weobserve x; foral i A where x; isavector of auxiliary variablesand A, isthe set of indices of the
ny first phase elements. If the second phase sample is stratified, indicators for strata are included in x; where X4

takes the value one if unit i belongs to the g-th group and is zero otherwise. A second phase sample of size n; is
selected from the n; first phase elements.

We define the two-phase regression estimator of the mean of y by

Vieg = Y2 +(7,71—7n2)ﬁ2, (21

where
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75; isthe first phase selection probability for element i, 7, = 77; Tl is the second phase selection probability for
element i, and Ty is the conditional probability of selecting element i for the second phase sample given that i is

in the first phase sample. To derive the asymptotic properties of the two-phase regression estimator we assume a
seguence of samples and finite populations such as that described in Fuller (1975).

Theorem 1. Let {F\} be a sequence of finite populations of size N. Let the Gy dimensional vectors
(1 Xnijs yNi):zNi ,1=12,...,N, be arandom sample from an infinite population with finite 2+7,7>0,
moments. Assume E{ z’NizNi} is positive definite for all N. Let first phase samples of size ny , Ny 2Ny N4, be
selected by designs such that

V{(ZH,LN —Zy ) |FN} = Op(n£§/2)7 (22

where

-1
Zun :[ > n:lleiJ > nl_‘%\lizNi-

i0Ay; i0Ay,
Ay; is the set of indices in the first phase sample selected from population N, and 77, ; is the probability of
selecting element i for the first phase sample. Assume

E{‘im —XNH: o[n?). 2.3)
Eﬂim —XNH: o[n?). 2.4)
el -a[2f=00 ) 25)
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forsome >0,y >0 and d+y =A4>0.5, where X,; and ﬁz are defined in (2.1), and

b =3 xR S x5

i=1 i=1

Let y,, bedefinedby (2.1). Then

YregN YN = €N +(inlN _XN)BN +Op(n_0'5/]), (2.6)

where

-1
€N :[Z ”2_,1Nij Z 772_,1Ni eni »

Ay Ay
and ey = Yy — Y —(Xni = Xn B -

Proof. To simplify the notation we omit the subscript N, except to identify finite population parameters. The
estimator can be written.

Yieg ™Yn ~ yn,Z + (Xml _ymz)ﬁz = 771‘2 + (Xn,l - Xn,2)B2 + (Xn,l - X7T|2)(ﬁ2 - B)

= yn,Z - (YIT,Z _XN )ﬁZ + (Y”’]_ —XN )BZ + Op(n—O.S/] )
2.7)

= éIT‘Z - (?”’2 _iml)(ﬁz - BN )+ (iml _XN )BN + Op(n_O.SA )

= éIT‘Z + (Yn,l _iN )BN + Op (n_O'S/] )
establishing result (2.6).
The result permits the size of the vector x to increase with sample size. Thus a design that has a relatively large
number of second phase strata is covered by the theorem. For a second phase stratified sample in which x contains

stratum indicators, assumptions (2.3), (2.4), and (2.5) require the number of strata to increase at a ower rate than
the sample size. The variance of the approximating random variable is

V{dreg.N}:V{énZN}JfV{(iniN ~Xn JBr}+2C € (Ko =X B} (28)
where dygg N =€ +(¥,ﬂ’N —XN)BN. Note that V{ é,,g is the unconditional variance.

3. REPLICATE VARIANCE ESTIMATION

Let the second phase sample be a stratified sample with G strataand n,, elements selected in the g th stratum. Let
Y2g be the mean of the elements in second phase stratum g. Assume the first phase sample is such that the
replication variance estimator of the estimated total is unbiased,

E{i A _flx)z} V{14 3.1

k=1
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where 'I:l(xk) isthe k th replicate of the estimated total, 'I:lx is the estimated total based on the first phase, L is the total
number of replicates, and c,, k=1, 2,..., L, are constants determined by the replication method. The two-phase
estimated mean for y is

G
yreg = Z ilg ng ! (32)
g=1

where X4 isthe estimated fraction in second phase stratum g estimated from the first phase sample and Y, isthe
mean of the second phase elements in second phase stratum g,

Yog =N2g O Vi (3.3)
DAy,

Nyq is the number of elements in second phase stratum g and A, is the set of indices of elements in the g th

9
stratum of the second phase sample.

To consider replicate variance estimation, assume the k th first phase replicate removes n,, elements from the g th

second phase stratum. (n,,, can be zero). If the n,, are arandom sample of the n,,

n
K _ 1, - - _ 2.k
{ (yég) - y29) |A1} = [(nZg - n2,kg) + nZé - 2n23] 559 = 2 839 '
(Nag =Ny g) Nog

where Sig is the second phase variance of the g th stratum,
m_( _ )—l _
Yyg Nog = Nokg 2V 2V
iDAQg iEIAzg(k)

and Ay isthe set of indices of elements removed to create the k th replicate. Assume the multiplier for the first

phaseis Cy . Letthekthreplicate of y, be replaced with
_ _ 12 _
yg;) = Yo t Ckllz[nzé (n2g —Nyig )] (yg;;) ~ Yag ) (3.4

Under the second phase random sampl e assumption,

E{(yg;)* - yg) } N2gSyg -

M-

=~
11

1

Let

M_ZXM(W_ (35)
g=1
Then

yr(:% ~VYreg = i Xig (3755)* - ng) i (Xlg — Xy )VZg + i (Xl(g) ~ Xy ) (37%)* = VYoq ) (3.6)
g1

g=1 9=

Ly
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where the last term on the right of the equality is of smaller order than the first two terms. The first phase design

will determine the nature of the expectation of (yr(g = Vreg )2. In a first phase simple random sample, y, is

conditionally unbiased for all positive Kg . Inother designsit is possible for X, and Yy, to be correlated.

Kim, Navarro and Fuller (2004) give conditions under which the jackknife variance estimator is consistent for the
two-phase variance. Itisrequired that:

(i) Theapproximation of (2.8) isadequate for the variance of the estimator
(ii) The second phase replicates furnish an adequate approximation for V{ én,z} .

(iii) The second order terms such as (Xﬁﬁ - Xﬁf)z) (fi(zk) - ﬁz) are small relative to other terms.
(iv) The covariance term between €, , and X ,; is estimated by the replicates. If the k th second phase sample

is composed of the second phase elements in the k-th first phase sample and the replicates meet other
conditions, it seems reasonable to expect the covariance to be adequately estimated.

4. JACKKNIFE VARIANCE ESTIMATION FOR THE NRI

The U.S. National Resources Inventory (NRI) is conducted by the U.S. Natural Resources Conservation Service in
cooperation with Center for Survey Statistics and Methodology of 1owa State University. The survey was conducted
as a panel survey in 1982, 1987, 1992, and 1997. Data were collected on soil characteristics, land use, land cover,
wind erosion, water erosion, and conservation practices. The sample is a stratified area sample of all states and
Puerto Rico. The primary sampling units are areas of land called segments. Data are collected for the entire
segment on items such as urban land, roads and water. Detailed data on soil properties and land use are collected at
a random sample of points within the segment, where the typical nhumber of points is three. The sample for 1997
contained about 300,000 segments and about 800,000 points. See Nusser and Goebel (1997) for a more complete
description of the survey and Fuller (1999) for estimation procedures.

The 2002 sample is a subsample of about 102,000 segments selected from the 1997 sample. The subsample is a
stratified sample of the 48 coterminous states, where the segments were placed in twelve strata in each state. The
replication method used in NRI variance estimation is a form of “delete-a-group jackknife’. See Kott (2001) for a
description. The 1997 NRI is the phase one sample, and the 2002 NRI is the phase two sample. For both the 1997
and the 2002 NRI, we suppose that we have completed an estimation process in which the estimation weights are
calibrated for the auxiliary information at the population level and, in the case of the 2002 NRI, for a set of estimates
from the 1997 NRI. The information at the population level is the total acres of federal land, acres in census water
(water bodies greater than 40 acres and streams greater than 1/8 mile wide) and the acresin afederal program called
the Conservation Reserve Program (CRP).

Let Wy, and Wy represent the original phase one design weight (1997 NRI) and phase two (2002 NRI) design
weight , respectively, for point i. Let wzl)i and sz)i represent the fully calibrated regression weights. For any
variable, y; , the estimate for a 2002 total is computed as

tyo) = 2 Wy Vi -
i0A,

For afirst phase variable, x, used to calibrate the second phase

Z Wi % = Z W2)i X -
i0A i0A,
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The goal of the variance estimation procedure for the 2002 NRI is to construct L new sets of weights

ws, k=12,..., L, fromwhich auser of the NRI datais able to compute replicate estimates f)(,‘(g) =Y Wy

for any variable y;. The user can then calculate a variance estimate for fy(z) as

L
{y(Z)} > Ck(y(2) y(z))zv

k=1

where ¢, isaconstant determined by the replication procedure and
L1y 0
e = Z Ly -

Asafirst step, L replicate sets of phase one weights W(l),) are constructed for the 1997 NRI. The sampleis divided

into L groups G;,, k=1,..., L, by ordering the segments geographically and then using systematic sampling to

create 30 groups of approximately equal size. The program is flexible with L = 30 in the current version. The
geographic ordering is used as an approximation to the stratification of the original sample.

Several options are available for forming weights. In one option with ¢, =1, theinitial weights wzl()f?o for jackknife
replicate k arefor i G,

W = Wiy _aL*W(l)i if Wi = Wi
OO (- &y Jwiy otherwise

with a, :,/EL—lilL, and for i 0Gy,

* -1 . *
W*(k)o _ Wi t (L-1) Wy I Wy = Wy,
o (1+ (L-2)"a Wy, otherwise.

Data are not collected on federal land and census water, but the points falling on federally owned land and falling on
census water are kept in the data set so that the surface area of the country is fully represented. The acres in these

classifications are known from external sources. Therefore we set wzl()f?o = wzl)i for every replicate if the point i is
federal land or census water.

For the points that do not fall on federal or census water, the initial replicate weights are calibrated (through araking

procedure) to control acreages for CRP available for the previous years, resulting in the final replicate weights
(k)

Wipyi
Di

Next, initial replicate weights Wé;)o are constructed for the phase two sample using a raking procedure and the first

phase controls. Since the 2002 NRI sample was selected as a stratified sample from the 1997 NRI, the kth 2002 NRI
replicate is the portion of the 2002 sample that is in the portion of the 2002 sample that is in the kth first phase
replicate. Theinitia replicate weights are

w0 = Wi T AW if W) 2 Wip);
@101 1-a, Wi otherwise
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for id0G,y,and

* -1 . *
W*(k) — W(Z)i + (L _1) aLW(Z)i if W(Z)i = W(Z)i
(2)i,0 -1 * .
(1+ (L-2)"a W,y otherwise

for i0G,,, except if point i isin federal or census water. For federal and census water the final replicate weight

W) = Wy , asfor thefirst phase sample.

For the points that do not fall on federal or census water, the initial 2001 NRI replicate weights w5y, for each k are

raked to a set of state-level estimates constructed with the corresponding final 1997 NRI replicate weights w{)" .

The categories for which the phase two estimates are calibrated to the phase one are the same as those used in the
congtruction of the original weights sz)iv and include several broad landuse categories as well as a wetland

classification. At the end of this raking step, we obtain the final replicate weights Wzg? , Which are appended to the
NRI 2002 dataset for the purpose of variance calculation.

At this writing the results of the 2002 NRI have not been released. Table 1 contains someillustrative results for one
state. The entries should be multiplied by 10,000 to give reasonable acre values for a state, but the entries give
realistic relative values. The 1997 values are the first phase sample estimates. The values for 2002 are based on the
second phase sample that is about one third the size of the 1997 sample. Because of the correlation between 1997
and 2002 values, the standard errors for 2002 are less than the 1997 values multiplied by the sguare root of three.
The computed standard error for large water is zero because large water is part of census water and is an auxiliary
variable assumed to be known without error.

Table 1. Illustrative Results for a State

Coveruse Y ear
1997 2002
Cultivated Cropland 2400 2300
(1) (14)
Noncultivated Cropland 110 120
(6) (7
Urban 80 90
4) ®)
Large Water 20 20
) )
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