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Abstract

Social scientists regularly rely on population estimates when studying change in small areas over
time. Census tract data in the United States are a prime example, since there are substantial shifts
in tract boundaries from decade to decade. This study compares alternative estimates of the 2000
population living within 2010 tract boundaries to the Census Bureau's own re-tabulation. All
methods of estimation are subject to error; this is the first study to directly quantify the error in
alternative interpolation methods for U.S. census tracts. A simple areal weighting method closely
approximates the estimates provided by one standard source (the Neighborhood Change Data Base
or NCDB), with some improvement provided by considering only area not covered by water. More
information is used by the Longitudinal Tract Data Base (LTDB), which relies on a combination of
areal and population interpolation as well as ancillary data about water-covered areas. Another set
of estimates provided by NHGIS uses data about land cover in 2001 and the current road network
and distribution of population and housing units at the block level. Areal weighting alone results in
a large error in a substantial share of tracts that were divided in complex ways. The LTDB and
NHGIS perform much better in all situations, but are subject to some error when boundaries of
both tracts and their component blocks are redrawn. Users of harmonized tract data should be
watchful for potential problems in either of these data sources.
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This study assesses the reliability of population estimates for census tracts where boundaries
have been harmonized to control for changes in tract boundaries. It compares alternative
methods of interpolation for tracts across the United States in the period 2000-2010. The
Longitudinal Tract Data Base (LTDB), which combines areal and population interpolation
with ancillary data on water coverage is compared with two simpler approaches using only
areal weighting. Results are also compared with two other public sources: the Neighborhood
Change Data Base (NCDB), which was first developed for the 1970-2000 period and (after
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being converted to a proprietary system by Geolytics, Inc.) later extended to 2010; and the
National Historical Geographic Information Systems (NHGIS) standardized block and tract
data, which interpolates 2000 census block and tract level data to 2010 census block group
and tract boundaries. 1

Population data for census tracts are a widely used resource for urban and regional research.
Census tracts are small enough to satisfy many needs for very local information. Their
sample sizes even in the American Community Survey (ACS) are large enough to meet
many researchers’ need for reliable estimates, although concerns are growing about how to
deal with the ACS's increased standard errors in comparison to decennial censuses
(Spielman, Folch, and Nagle 2014). Yet an obstacle to longitudinal analysis of these data is
that the boundaries of tracts are adjusted every decade. It is the prerogative of state and local
officials to identify small areas for which they wish to receive census population totals for
electoral redistricting purposes and for other planning and policy functions. As a result, the
fundamental units (census blocks and tracts) defined in the previous census could be split or
consolidated in the next one, and their boundaries could be altered in complex ways. Table 1
summarizes the kinds of changes that occurred between 2000 and 2010 for the tracts
analyzed here. Nearly 70% had no change other than minor adjustment of cartography
(defined as changes involving less than 1% of their land area in 2000). A small number
(1.4%) had a consolidation where two or more tracts in 2000 became a single tract in 2010
(so their 2000 populations can be simply summed to yield the value within 2010
boundaries). Other changes affecting about 30% of tracts create problems of estimation,
because one or more tracts are reorganized to multiple tracts that do not respect original tract
boundaries. These include what we will refer to as split tracts (one tract divided into many)
and cases where two or more tracts were reconfigured into two or more different new tracts
(many-to-many). Special problems are created when these reconfigurations also subdivide
census blocks and allocate them to multiple 2010 tracts, and this occurred in more than half
of the split tracts and about a quarter of the many-to-many tracts.

Table 1 also reveals that the tracts with no change or mergers had relatively stable
populations between 2000 and 2010 (increases of 5.2% and 2.6% respectively). Split tracts
on average grew by 27.0% in the decade, and those with many-to-many changes grew
15.2%. This finding offers clues about where tract boundaries are changing — in faster
growing areas that are likely to be found in the outer edge of the metropolis.

One way to deal with these changes (Exeter et al 2005) is to construct larger areal units that
merge together all of the tracts in one year that overlay tracts in another year. “Smart
interpolation,” the approach considered here, is more ambitious, seeking to provide
estimates of population in one decade within the boundaries of specific census tracts areas as
defined in another (Martin, Dorling and Mitchell 2002). The general approaches are well
known, dating back at least to the 1980s (Goodchild and Lam 1980, Goodchild, Anselin and
Deichmann 1993). The initial step is based on comparing the tract layers in two years in a

Linformation about the LTDB can be found from Brown University: http://www.s4.brown.edu/us2010/Researcher/Bridging.htm.
Information about NCDB is available from Geolytics: http://www.geolytics.com/USCensus,Neighborhood-Change-
Database-1970-2000,Products.asp. The NHGIS methodology is summarized at https://www.nhgis.org/documentation/time-series/
2000-blocks-t0-2010-geog.
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GIS framework and allocating population to a tract from other tracts in proportion to their
degree of overlap with it (areal weighting). Ancillary data are then used to improve
understanding of how populations are distributed within tracts (dasymetric interpolation).
The “binary mask” — determining which subareas are populated and which are not — is
described by Tapp (2010) as the most basic and commonly used ancillary procedure. For
example, forested areas, areas covered by bodies of water, and areas without roads are likely
to have little if any population. A binary mask assumes that they have no population, and
consequently such areas do not contribute population to a tract estimate.

In principle many forms of ancillary data could be applied for the dasymetric interpolation
purpose, as long as they indicate the presence or absence or density of the variables (e.g.,
population) to be interpolated. Many offer more specific information than a binary mask.
They include land cover data (Mennis 2003, Reibel and Agrawal 2007, Buttenfield etal
2015), street networks (Reibel and Bufalino 2005), remote sensing data (Harvey 2002; Wu
and Murray 2007), and population or other information over time (Schroeder 2007, Mennis
2016). These can also be used in combination. Our purpose here is to provide an evaluation
of how closely the estimated counts from these sources and from alternative forms of areal
interpolation match the “true” counts. This analysis is now possible for the specific
comparison of 2000 and 2010, because the Census Bureau has released tabulations of
population in 2000 within tracts as bounded in 2010.

Estimation Procedures

Simple areal weighting can allocate population from the tract as defined in 2000 to a 2010
tract area directly in proportion to the share of its area that lies within that 2010 tract. This

~1 0 0
areal weighting interpolation can be represented as Yt :Zm@ZPQ (AP/At(J) Yt where
A, represents the area of the part of 2000 tract £ that overlaps with the 2010 tract ¢ A?O
represents the total area of the 2000 tract &, y?O is the population in 2000 (or other

characteristic) of the 2000 tract &, ¢/ is the estimated population in 2000 (or other
characteristic) of the 2010 tract ¢ and ¢ is the set of 2000 tracts that contribute to the 2010

tract £ The areas (both A, and A?n) can be the total areas that include both land and water or
only land areas. Respectively, we term them as “all-area” and “land-only” versions of areal
weighting. Since people reside only in the land area of most tracts, the “land-only” version
areal weighting interpolation is expected to be more accurate. We find that the estimates
provided for 2000-2010 by Geolytics’ Neighborhood Change Data Base (NCDB)
correspond closely but not exactly to the “all-area” interpolation. The procedures used by
NCDB for 2000-2010 are not fully documented (see http://www.geolytics.com/
USCensus,Neighborhood-Change-Database-1970-2000,Data, Geography,Products.asp), and
we cannot exactly replicate them.2

2For methodological details the Geolytics webpage refers users to the documentation of the NCDB's approach to the 1990-2000
estimates (http://www.geolytics.com/pdf/Appendix-J.pdf). Many blocks were reconfigured between censuses, and NCDB used
ancillary data from the streets coverage from Tiger/Line 1992 to bridge 1990 data to 2000 tract boundaries (Tatian 2003). This is an
excellent methodology. However the estimation discrepancies shown below are larger than would be expected if the street network had
been used as ancillary data.
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The procedures used for LTDB 2000-2010 estimates are described in detail by Logan, Xu,
and Stults (2014). They involve a combination of area and population interpolation, using a
land/water dichotomy as ancillary data. The researchers made use of the Topological Faces
layer of the TIGER/Line shapefiles created by the Census Bureau (2011), which shows the
intersection between blocks and tracts (and many other geographic layers) as defined in the
2000 and 2010 censuses. This file is available to be downloaded (http://
WwWWw.census.gov/geo/wwwi/tiger/tgrshp2010/documentation.html). U.S. census geography
includes several nested scales, of which the most commonly used are the state, county,
census tract, block group, and block. The face polygons created by the intersection of these
multiple geographic boundaries are in effect the smallest possible sub-block unit in census
geography. Let us refer to it as a “fragment.” Each one is uniquely identified by a
topological face ID (TFID), and it includes several useful attributes: total area, an indicator
of whether the face polygon is water or land, and all geocodes (from block ID to state FIPS
code) in both the 2000 and 2010 census. These fragments from the Faces file can be
dissolved to the tract and block layers for 2000 and 2010.

The first step is to allocate reported tract level population counts in 2000 to blocks within the
tract. The LTDB bases this allocation on the block's share of the total tract population in
2000. This procedure avoids having to assume that population was uniformly distributed
through the tract. It then estimates what share of the 2000 block population lies in each
fragment within that block. This step (land-only areal weighting at the block level) is solely
based on the fragment's share of the block’s land area, disregarding portions of fragments
that are covered with water. It is then straightforward to aggregate populated fragments to
the 2010 census tracts.

Formally, the area and population weighting interpolation implemented in LTDB can be

A1 0 0 0/ 0
represented as, Yt :Ztoeq‘)Zbetoz'frageb (Afrag/ Ab> (ytn X py/ pto), where the ! is the
estimated variable for 2010 tracts, Az is the land area of the fragments within the 2000

block &, AY is the land area of the 2000 block 5, ;) is the variable at the 2000 tracts, 5! is the
2000 census population at the block b, p?o is the 2000 census population at the tract £, and

the ¢ is the set of 2000 census tracts conrtibuting to the 2010 tract ¢ The y,?o can be any count
variables to be interpolated by the area and population weighting method, for which the

LTDB povides interpolation tools through Microsoft Access database and Stata code. If y?o
is the 2000 tract population, the interpolation is essentially a block level areal weighting
interpolation using land area only.

The NHGIS estimates expand upon procedures used in the 1990-2000 NCDB, which used
road networks in 1990 as an indicator of population density within census tracts. In principle
one would expect considerable improvement from the additional information that NHGIS
relies on: land cover from the National Land Cover Database 2001 (Homer et al, 2007), as
well as road networks, location of water bodies, and population and housing counts in 2010.
The estimation procedure is complex, employing a combination of weights. One set of
weights is derived from a binary dasymetric interpolation that identifies “inhabited” areas in
two ways: 1) whether an area is in a water body (as in the LTDB) and 2) whether it includes
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at least 5% impervious surface (based on the NLCD) and is within 300 feet of a road in
2010. The second set of weights is based on target-density weighting (Schroeder 2007) that
is limited to areas classified by the first procedure as inhabited zones (as in Ruther, Leyk and
Butenfield 2015).

In principle one would expect that the more ancillary information is used, the better the
estimate. Hence an “all-area” areal weighting should perform least well, a “land-only”
interpolation somewhat better, a population and land-only areal interpolation much better,
and an interpolation that also takes into account land cover and road networks should
perform best. This is broadly the result of our analysis here. The contribution of this analysis
is multi-fold. It is the first national-level comparison of population estimates to “real”
values. It reveals a very large disparity in the accuracy of areal interpolation methods vs.
approaches that make use of block-level population data. It specifies the conditions under
which even these latter approaches are subject to error. Finally, it demonstrates that in many
cases the more complex methods employed by NHGIS yield worse results than the simpler
LTDB methodology. For most users, either of these latter two sources should be satisfactory,
but both should be used with caution. When blocks as defined in 2000 are divided and
allocated to more than one 2010 tract, either method can provide erroneous estimates.

Research design

This study includes almost all populated census tracts in 2000 and 2010 in the continental
United States.3 The validation of estimates from the four approaches is based on the “census
tract population change file” (https://www.census.gov/population/metro/data/
€2010sr-01patterns.html) for which the Census Bureau re-tabulated Census 2000 data using
2010 geography. Discrepancies between this re-tabulation and estimates from any
interpolation method are only partly due to errors of estimation. They can also result from
post-census changes that were made to the 2000 tract populations by the Bureau. These
changes include address corrections, geocoding improvements, boundary adjustments, and
other enhancements to the Census Bureau's address and spatial database. Such changes were
made in many tracts, and they can be large. For example in the analysis below we find
discrepancies of greater than 1% between the LTDB and NHGIS population estimates and
the revised census counts in about 14% of tracts where there was no change in boundaries.
In nearly 3% of these tracts the discrepancy is 5% or larger. The corrected 2000 tract
populations are not publicly available, so they cannot be used to improve the estimates. It
would be reasonable to presume that the interpolated estimate in cases with no boundary
change is “correct” by definition, and that discrepancies in these cases are solely due to the
Bureau's revised counts. Because such revisions occurred irrespective of boundary changes
(they were completed before the 2010 tracts boundaries were set), we regard the distribution
of discrepancies in the “no change” tracts as a baseline for what to consider an “accurate”
estimate for other kinds of tracts.

3Data are reported for 72,205 tracts of the 73,057 total tracts in 2010 in the 50 states and District of Columbia. 318 tracts with no land
area in 2010 are omitted, though many of these have estimated populations in the NCDB. Of the remaining tracts, 534 were affected
by the Census Bureau's Count Question Resolution (CQR) program that resulted in revised population counts of more than 0.1% for
2000. In many of these cases a large group quarters population was shifted from one tract to an adjacent one. The CQR cases are
omitted from the analysis because these changes were not available at the time that the LTDB was completed.
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Geographers regularly seek to validate estimates or to compare the performance of
alternative procedures through comparisons to true data (Flowerdew et al, 1991; Goodchild
et al, 1993). One recent study (Ruther, Leyk and Butenfield 2015) sought to validate areal
interpolation population estimates for 2000 census tracts within 2010 tract boundaries.
Without access to the “real” 2000 populations in the new boundaries, they aggregated data
from 2000 for smaller units (2000 blocks) to the larger 2010 tract areas. Where blocks as
defined in 2000 did not fall entirely within a single 2010 tract, they allotted portions of the
block data to each tract according to the share of land classified as “inhabited” based on the
NCLD. In these cases the resulting tract count could not be considered “real” because it is
estimated by interpolation. However the researchers (2015, p. 165) argue that little bias is
introduced because most 2000 census blocks (97% in one Ohio county that they studied) lie
entirely within a single 2010 census tract. We believe that comparison to actual census
counts, even when they have experienced post-enumeration corrections, is a superior
approach, because it does not rely on any of the interpolation procedures that are being
tested.

In validation studies, researchers sometimes report the average, minimum and/or maximum
discrepancy. We provide a more complete distribution of the size of discrepancies, in both
absolute terms and as a proportion of the actual value. We expect minimal error for tracts
with no change or merged tracts (many to one changes). Errors are likely to be larger for
more complex changes: one to many and many to many tracts. And in these latter cases,
error is more likely when blocks have been subdivided. Therefore we report results
separately for tracts that experienced different types of boundary changes. We also report a
commonly used summary measure of this distribution: the root mean squared error:

/] f— . 5 2 - - - - -
RMSE= Zi(% = 9i)°/4, where yiis the actual population of tract / ¢, is the estimated

population of tract /, and g is the number of tracts. This statistic sums the disparities between
estimated and actual population counts. Because these values are squared before being
summed, the RMSE counts large absolute differences disproportionately compared to small
ones. An alternative measure treats the discrepancy as a proportion of the actual value,
lending more weight to a disparity of a given absolute size in an area with fewer residents
than in an area with many (Eicher and Brewer, 2001; Gregory, 2002; Mennis and Hultgren
2006). We report the proportional error here.

Pitfalls in areal interpolation

We begin with two extreme yet representative examples of census tract boundary change to
illustrate how reliance on areal weighting can result in poor estimates. These cases will
clarify how each type of estimate is made, as well as possible pitfalls. In one of these the
2010 census tract includes the Dallas-Ft. Worth airport (DFW), an urban built-up area with
few residents and little water cover. The other is on the island of Oahu, Hawaii, a census
tract created in 2010 that is entirely underwater. In both cases, although the Census Bureau
has counted almost no residents in these tracts, areal weighting allocates large populations to
them.
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1. The DFW case

Figure 1 displays a satellite image of the area around DFW airport. The yellow-shaded area
shows a tract newly created in 2010 (48439980000%), which includes several terminals,
parking areas, runways, and much undeveloped land. The 2000 tract boundaries are shown
in red. Much of the area of the new tract lies within two large 2000 tracts (3507 and 3706)
that had dense populations to the west of the airport in 2000. The undeveloped area on the
north end is part of a 2000 tract (3705) that included densely populated areas to the
northwest and northeast.

How does areal weighting work in a case like this? Table 2 shows the components of the
calculation: the share of land area in each 2000 tract that overlaps with 980000, their
populations in 2000, and the portion of their population that is allocated to 980000.
Aggregating the estimated contributions from each tract results in an estimate of 15,825
(slightly more when water area is included: 15,836), compared to the Census count of 19.
The LTDB estimate based on block land area and block populations is 117, also high but
much closer to the actual value. The NHGIS estimate of 16 is yet more accurate.

The use of block-level population data in both the LTDB and NHGIS greatly improves the
estimate because it takes into account that much of the overlapping area was in blocks with
few residents. This point can be illustrated by looking more closely at one tract, 113705,
which had a population of 5,265 in 2000. It was split in 2010 with a majority of its land area
remaining in the original tract. Parts or all of 20 blocks were assigned to 980000. Only two
of these were populated, block 14 with 3 people and block 29 with 175. All of block 14 was
placed within the new tract, so its 3 residents were allocated there. One portion of block 29
(all water) and a large part of the remainder of block 29 (60.5% of it, all land) became two
new blocks in 980000. The former portion contributed nothing, while the latter contributed
106 to the estimate for 980000, for a total of 109 from tract 113705.

In this way the LTDB estimates 117 people in an area where the census counts only 19, but
it mostly avoids the misallocation from unpopulated blocks that assigns nearly 16,000
people to the area by areal weighting. The NHGIS estimate is superior because it notices
that the portion of block 29 allocated to the new tract was mostly undeveloped land in 2001,
while the developed portion was allocated to a different tract.

2. Oahu's doughnut census tract

The Census Bureau created a new census tract 15003990001 around the island of Oahu in
2010 in the form of a torus (or doughnut). In 2000 the census tracts along the outer
perimeter of the island all extended some distance into the ocean, so that they encompassed
both unpopulated water area and populated land area near the shore, including several
census tracts in Honolulu. Figure 2 shows the island with the new tract highlighted in green
and the boundaries from 2000 of the tracts around the shoreline in red.

4\t takes 11 digits to represent a census tract ID. The first two digits represent the state FIPS code, with the next three digits represent
the county FIPS code, and the last six digits are the census tract's FIPS code. In the text, after the first mention of a tract, we abbreviate
to the last six digits.

Ann Am Assoc Geogr. Author manuscript; available in PMC 2017 June 15.
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This is a case where the invalid assumptions of areal weighting are further aggravated by
substantial water coverage. To show how the issues play out, Table 3 displays the
calculations for four kinds of interpolations: areal weighting alone, interpolation of land
area, and the LTDB and NHGIS interpolations. To simplify, we select a single tract in
Honolulu in 2000 for this illustration (008402). This tract was split into four components:
three whole new tracts and a small part of 990001.

This is a case where the Census Bureau's post-enumeration count for the original 2000 tract
008402 (8,801) is considerably higher than the published figure (8,087). Still, these counts
offer a useful benchmark to judge the accuracy of the estimates made by different methods.

. The allocation from the original 2000 tract to tract 990001 based on areal
weighting (counting water area) is large (7,324) because a large portion of the
original tract 008402 was in 990001. All other allocations only consider land
area, and they are 0 because no land area was involved, matching the census re-
tabulation.

. The calculations for allocation to the new tract 008402 illustrate the advantage of
interpolation by land area that also takes into account the block-level
populations. The allocation by areal weighting including water is modest (619),
because less than 8% of the original 008402's area remained in the new 008402.
Interpolation by land area provides a more realistic estimate (6,180). The LTDB
and NHGIS interpolations (7,980 and 7.996) are closer to the census benchmark
(8,041) mostly because the 47 blocks that remained in the new 008402 had
widely varying population densities that could be taken into account in making
the estimate.

Comparison of estimates

We now turn to the overall comparison between the Census Bureau count of 2000 population
within 2010 tract boundaries with estimates from areal interpolation that either does or does
not take into account the water layer, plus estimates from NCDB, LTDB, and NHGIS. The
NCDB estimates perform poorly in tracts with boundary changes, similar to both of the areal
interpolation estimates. We cannot be sure why, because the methodology behind NCDB
estimates is not publicly known. We do know that in many cases the NCDB estimate was the
same as the one from areal weighting including water, but there were many other cases
where the estimate was quite different. The LTDB and NHGIS estimates are much better
than these, though they are imperfect, and the NHGIS estimates are slightly more accurate
overall than the LTDB estimates. We interpret this result as affirmation of the utility of a
combined approach (areal and population interpolation using ancillary water layer data) in
comparison with a simpler areal weighting, with a small additional improvement from the
use of land cover information and 2010 road network and population data.

In Tables 4-6 we compare four main kinds of tracts: no change, merged tracts (many to one),
split tracts (one to many), and many to many. Because both the LTDB and NHGIS
interpolations make use of block-level data for the third and fourth categories, in these
categories we also take into account the difference between changes where there was no
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subdivision of a block vs. those where a block was divided across different new tracts. It is
in these latter cases where some procedure must be introduced to decide what share of the
block's population to allocate to each tract. This is where the LTDB and NHGIS approaches
diverge, with NHGIS taking into account much additional ancillary information. The
analysis will reveal how much was gained in this way.

Tables 4 and 5 summarize the distribution of discrepancies for each estimator. Errors are
reported in Table 4 as a proportion of the actual tract population and in Table 5 as absolute
values. The tables can be read to answer two questions: which type of tract has greater error
and which estimate is closer to the actual value. Table 6 reports the root mean squared error
(RMSE) for the proportional error in estimates.

1. Tracts requiring no interpolation

We start with the estimates for the very large number of tracts with no change and the
smaller number of merged tracts. In these tracts, in principle, there should be no error
because there is no need for interpolation. The “error” here is due to the post-enumeration
corrections made by the Census Bureau. The Bureau's corrected counts have not been
publicly released, so interpolations by any method must be based on the original published
counts. Let us focus on the LTDB and NHGIS estimates for tracts with no change. Table 4
(rows 4 and 5) shows that these estimates had errors of greater than 1% in about 15% of
these tracts. These errors must be due to non-trivial changes in post-enumeration population
estimates. Users of 2000 tract data from any source, including the files currently being
disseminated by the Census Bureau, should be aware of this source of error. For scholars
whose primary interest is not in the actual numbers of residents (in total or as tabulated
against another attribute like race or education), but in the percentage distribution by other
attributes, even a 5% or 10% discrepancy in total numbers may not be problematic.
Residents who were originally credited to one tract have been reassigned to a neighboring
tract, and to the degree that neighboring tracts are similar (i.e., that there is a strong spatial
structure to population characteristics) the reassignment introduces little error. However for
studies of population growth and other studies where absolute numbers matter, the official
public data for tracts in 2000 can be misleading.

The results for these tracts are useful for the evaluation of interpolated estimates, providing a
basis for interpreting the importance of interpolation error for scholars conducting
longitudinal studies who require data within constant boundaries. For example, we learn
from Table 4 that the best estimates of population in tracts with no change diverge from the
“real” values in corrected post-enumeration data. In 1.0% of cases the divergence is larger
than 10%, and in 4.5% of cases the divergence is greater than 3%. This amount of error
attributable to census corrections can be compared to the additional error that we discover in
other types of tracts where interpolation is required. If the latter were large relative to the
former, scholars would have stronger reasons to be doubtful of the efficacy of interpolation.
If it were relatively small, scholars might be encouraged to use interpolated data. Tables 4-6
could be assessed in terms of the difference in errors that we find between tracts not
requiring interpolation, tracts requiring interpolation but without divided blocks, and tracts
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requiring interpolation and involving subdivided blocks. This difference represents the
“additional error” induced by interpolation.

In these tracts with no change and merged tracts, results are quite similar across
interpolation methods with one exception: the errors for NCDB estimates are noticeably
larger. In tracts with no change, for example, only 68.2% of NCDB estimates have an error
of less than 1%, compared to 82%-86% for other methods. Only 29.8% have errors of five or
less, compared to 42%-46% for other methods. We have no explanation for this poor
performance.®

2. Multiple destinations without divided blocks

Discrepancies for the more difficult cases — one to many (split tracts) and many to many —
are considerably greater. In areal weighting the errors arise when populations are not
uniformly spread within the whole tract. In the LTDB and NHGIS these errors arise only
when block populations are not uniformly spread across the fragments of blocks that are
assigned to different 2010 tract areas. For this reason we find that where tracts in 2000 are
divided into multiple destination tracts in 2010 but without block divisions, estimates by
LTDB and NHGIS are about as good as in unchanged and merged tracts. For example,
compare the discrepancies for NHGIS estimates in unchanged tracts to multiple destination
cases with no block divisions. In Table 4, 86.0% of NHGIS estimates for unchanged tracts
were within 1% of the census's corrected count, compared to 82.8% of NHGIS estimates for
split tracts and 81.3% for many-to-many tracts with no block divisions. In Table 5, 46.3% of
NHGIS estimates for unchanged tracts were within five persons of the census's corrected
count, compared to 49.5% of NHGIS estimates for split tracts with no block divisions and
50.4% for many-to-many tracts with no block divisions. The RMSE (Table 6) was 1.0 for
NHGIS estimates for unchanged tracts compared to 0.2 for split tracts and 1.8 for many-to-
many tracts with no block divisions. We consider all of the discrepancies across these
categories for both the LTDB and NHGIS to be insignificant, reflecting simply that the
Census made slightly different degrees of correction of the 2000 population counts in these
different sets of tracts.

The situation is different for the areal interpolation methods and the NCDB whose estimates
involve much higher degrees of error. Even when no blocks are subdivided, only 1-2% of
estimates using any of these methods for split tracts or many to many tracts is within 1% of
the census count, while more than 75% are off by more than 10% for split tracts with no
divided block, and nearly half are off by this much for many-to-many tracts with no divided
blocks (Table 4). Similar results are found using absolute values of discrepancy (Table 5).
And the RMSE is above 1000 in these cases for both areal interpolation methods and the
NCDB.

S5The comparison of RMSE between the NCDB and where tracts in 2000 methods seems paradoxical. Tables 4-5 suggest the
discrepancies greater for the NCDB for unchanged tracts, but Table 6 reports values of RMSE for NCDB and areal interpolation
including water areas that are identical. This is possible because while NCDB has a higher share of cases with large errors (over 10%
or larger than 500) the errors are actually larger in magnitude for areal interpolation including water areas (and these deviations are
squared in the RMSE). We attach no theoretical or substantive significance to this result.
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3. Multiple destinations with divided blocks

Finally we consider tracts that were allocated to multiple 2010 tracts and at least one block
was divided between two 2010 tracts. The results for these tracts are even worse for areal
weighting and NCDB estimates than we found with undivided blocks. However these are the
cases where the more sophisticated interpolation methods used by the LTDB and NHGIS
begin to have difficulty. We will refer to results for NHGIS to illustrate this point, but the
situation for LTDB is quite similar. The problem can be seen in Table 4, where in the case of
split tracts the NHGIS estimates are within 1% of the census count in 82.8% of tracts with
no divided block but only 67.5% of tracts with a divided block. NHGIS estimates are within
five for 49.5% of split tracts with no divided blocks but only 29.5% of split tracts with
divided blocks (Table 5). The RMSE shown in Table 6 is only 0.2 for split tracts with no
divided blocks, vs. 77.6 for split tracts with divided blocks.

How large is the problem of divided blocks? First, there are many of them — about 13,000
tracts (out of 72,205) involved divided blocks. Second, the LTDB and NHGIS estimates are
clearly less accurate in these cases, as the RMSE is extremely low in cases without divided
blocks but in the range of 75-200 in cases with divided blocks. As many as 5%-10% of these
estimates are more than 10% from the census count, and 10%-15% deviate by more than 100
persons from the census count. Less than half of these deviations could be attributed to
errors induced by the Census's post-enumeration corrections.

On the other hand, the methods employed by the LTDB and NHGIS to allocate population
from divided blocks are much more successful than simpler areal weighting. We also find a
small improvement in the NHGIS estimates compared to the LTDB. For example, the RMSE
for many-to-many tracts with divided blocks was 211.1 for the LTDB vs. 178.8 for the
NHGIS. We view this as a small difference in relation to the differences shown here between
these estimates and those from areal weighting, or between estimates for tracts with divided
vs. undivided blocks.

Comparing LTDB and NHGIS

A question arising from these comparisons is why the NHGIS estimates, which make use of
considerably more information, appear to be only slightly better than the LTDB estimates.
The difference between them is difficult to describe in more detail, because our reference
point for validation is the post-census corrected population count. In any given tract, what
appears to be a poor estimate may in fact be a very good one — except that it is based on the
publicly reported census data. However in the aggregate it is reasonable to infer that the
estimate that is closer to the census count is better, especially when the difference is large.
When the LTDB and NHGIS estimates diverge, the difference is 5 persons or less in the
majority of cases. When the difference is more than 5 (this is the case in 7,962 tracts), the
NHGIS is closer to the census count in about two-thirds of the cases, but LTDB is closer in
the other third. In more extreme instances where the difference is as much as 100 or more
(864 tracts), NHGIS is closer in 86% of them while LTDB is closer in only 14%. Under
what conditions does NHGIS fall further from the mark?
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A concern with the NHGIS procedure is that it relies in part on the street grid in 2010 to
identify areas that were settled in 2000. In rapidly developing areas on the edge of
metropolitan areas, those streets may not have existed in 2000. We illustrate the issue with
the example of a tract in Pasco County, FL, on the northeastern edge of Tampa. A single
tract in 2000 (320.02) was split into five tracts in 2010. In two of these tracts, the LTDB
estimate for 2000 is very close to the census count (disparities of 2 and 26 in a total
population of over 2100), but the NHGIS estimate is quite different. For the area in the new
tract 320.10 (population 1489), NHGIS under-estimates at 1250. For the area in the new
tract 320.11 (population 740), NHGIS over-estimates at 1079.

Figure 3 displays this area, showing the 2010 boundaries of these two new tracts, and also
the road network as of 2010 and 2000. The position of the 2000 roads is only approximate,
clearly offset from the same 2010 roads; this is why they are not used by NHGIS. The 2010
road network aligns much more closely with what appear to be residential structures. But the
2000 road network provides clues for an explanation for the error in estimation. In tract
320.10 there is a cluster of roads that were mostly in place in 2000, though some others were
built after that time. In tract 320.11 there is another cluster of roads, but most of these are
post-2000. In 2000 both tracts had a very similar total road length (about 3.6 miles). By
2010 tract 320.10's road length had increased by about 50%, while tract 320.11's road length
nearly doubled.

At the same time, the population of tract 320.10 (based on census estimates) grew to 2,997
(up 101%) while tract 320.11's population grew to 5,127 (a nearly seven-fold jump). In these
circumstances, it is understandable that the NHGIS estimation procedure, which takes into
account both the 2010 road network and the 2010 population, will overestimate 320.11's
population in 2000 while understating the population of 320.10.

It is beyond the scope of this study to evaluate the NHGIS methodology in greater detail.
Very likely the combination of land cover (2001) and road network (2010) is a useful
indicator of the settled area in 2000, which is why on average the NHGIS estimates are
slightly better than those of the LTDB. It may be that land cover alone in many cases would
not provide as much utility as land plus roads. However in other cases, such as the Pasco
County example, the 2010 road network is misleading.

Locating tracts with complex boundary changes

As already noted, users of cross-sectional census tract data need to be aware of potential
effects of errors in population counts that were corrected in post-enumeration activities but
not published. Where the 2000 population in 2010 boundaries is itself the variable of interest
in a longitudinal study, the best source is the census tract population change file referenced
above. For scholars interested in other variables, the only alternative is to turn to estimates
based on interpolation, and these are imperfect. It may be helpful, nevertheless, to
understand where errors are most likely to be found. Harmonized data sets intended for
general use should include indicators of the type of boundary change that estimates
confronted — which tract data are for unchanged tracts, for various categories of restructured
tracts, for tracts involving subdivided blocks or not. Clearly the LTDB and NHGIS are the
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preferred sources, but when using them scholars may find unusual values, and these are most
likely in split or many-to-many tracts with divided blocks.

Some locational characteristics offer information about the incidence of such tracts.
Unchanged and merged tracts are most prevalent in the New England (79%), East North
Central (82%) and West North Central (83%) regions. In contrast only 55% of tracts in the
South Atlantic states are unchanged or merged, 62% in the Mountain states, and 68%-70%
in the East South Central and West South Central regions. Of the most problematic types of
restructured tracts, many-to-many tracts with divided blocks are most prevalent in the
Middle Atlantic region (16%) and split tracts with divided blocks in the South Atlantic states
(16.2%). Another relevant indicator is metropolitan status. Unchanged and merged tracts are
least prevalent in suburban areas (66%), and suburbs are also where either type of complex
change with divided blocks is more likely to be found.

Both of these locational predictors are associated with growth rates, which most likely
motivate most changes in tract boundaries. We examined the rate of population change at the
county level. In counties with a declining population (loss greater than 2%), nearly 85% of
tracts were unchanged or merged; this compares to only 44% of tracts in counties with a
growth rate of 25% or more. Correspondingly, tracts in counties losing population were least
likely to experience complex restructuring. For example, only 3% of tracts in declining
counties were split into multiple tracts with blocks divided among them, compared to 23%
of tracts in the fastest growing counties (growth rates of 25% or more). These findings
reinforce a pattern shown above in Table 1, revealing much faster population growth in split
and many-to-many tracts.

Conclusion

These results emphasize that estimates are subject to error and that approaches relying solely
on areal interpolation (with or without ancillary data on water coverage) are especially error-
prone. Because the NCDB is a proprietary system that does not disclose its methods in
detail, we are unsure how it handled harmonization to 2010 boundaries. Its estimation errors
are of similar magnitude to those found from areal weighting that does not exclude water
areas, and surprisingly frequent errors are found even in tracts without boundary changes. In
the tracts that involve complex boundary changes (about 30% of all tracts), the NCDB yields
estimates that are more than 5% off in a majority of cases. In contrast, the procedures used
by the LTDB (combining areal and population interpolation with exclusion of water-covered
areas) and NHGIS (which also incorporates 2001 land cover data and 2010 road networks
and population counts) provide good estimates for most of these difficult cases.

This analysis leads to some general recommendations about the use of alternative standard
sources for longitudinal tract data. The NHGIS and LTDB are clearly preferable to the
NCDB for the 2000-2010 decade. Both provide excellent estimates in most cases, even when
there have been complex changes in boundaries. The NHGIS estimates are slightly more
accurate, although where the estimates from these sources diverge, the LTDB estimate is
sometimes better. The LTDB has two major advantages. First it offers a tool to harmonize
non-census data from 2000 to 2010 boundaries, which can be important for analysts who
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have data for variables like crime, foreclosures, or disease that are published at the tract
level. Second it also provides estimates and a crosswalk for census tract data in 1970, 1980,
and 1990 (though it relies on simpler interpolation methods for those years).

As applied to census tract data over time, most researchers seek to harmonize data from
earlier years to the most recent boundaries. This approach takes advantage of the fact that
the number of tracts continues to rise as existing tracts are subdivided in various ways, and
the 2010 tract data make possible more precise spatial analysis than the 2000 data. However
our results imply that a hybrid approach would produce more reliable estimates. Specifically,
use the highly accurate LTDB or NHGIS estimates for tracts with no change, merged tracts,
and other cases with no block divisions. For split tracts with block divisions, use a backward
interpolation, harmonizing to the original 2000 tract boundaries (a “split tract” from 2000 to
2010 would be treated as a “merged tract” from 2010 to 2000).8 These estimates would also
be highly accurate. Finally, in the complex situation of many-to-many tracts with block
divisions, the analyst would have two options: 1) use the LTDB or NHGIS estimates for
2010 boundaries, recognizing the potential error, or 2) merge together all of the affected
tracts in 2000 and 2010 to produce larger areal units with constant boundaries (as in Exeter
et al 2005). It may seem awkward to create a hybrid data set where some tracts are defined
by their 2000 boundaries, others by their 2010 boundaries, and others by combinations of
tracts in each year, but in some cases it may be advantageous.

Aside from these specific recommendations, a more general recommendation is to be aware
of the potential hazards in any census sources. Our work with the “census tract population
change file” has alerted us to the fairly extensive revisions of counts that were made after the
release of official 2000 census tract data. Another concern applies to the use of the American
Community Survey (ACS), which replaces the previous decennial long form to provide
detailed social and economic data. The ACS is based on smaller samples and has relatively
large standard errors for information at the census tract level (National Research Council
2015). The effective sample size for the typical tract for ACS data is less than half as large as
was the case for the one-in-six long-form samples from the decennial census. Especially in
smaller census tracts, variables like housing tenure and poverty rates are often based on very
limited samples with high standard errors. Fortunately the standard errors for tract data are
now routinely disseminated and the research community is beginning to learn how to take
unreliability into account.

The same care should be applied to use of estimates of data within constant census tract
boundaries. Such data have been available from the NCDB for 1970-2000 for over a decade
and are now widely used for longitudinal studies and by public and non-profit organizations.
Both the NCDB and LTDB now extend the series through 2010, and NHGIS offers another
source for 2000-2010. Putting aside the differences between these providers, the results
presented here underline the importance of extensive pre-screening of data as a first step in
analysis. This can be done more readily in studies that are limited to certain geographic
areas, such as a sample of cities or counties. In these instances it is more likely that the

6The LTDB provides a “backwards crosswalk” to estimate 2010 population data in 2000 tract boundaries that can be used for this
purpose. It is available from this webpage: http://www.s4.brown.edu/us2010/Researcher/LTDB2.htm.
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analyst will have access to additional ancillary data that can be used to improve estimates or
at least to identify large errors. In preliminary data cleaning it is advisable to inspect areas
where a higher number of complex boundary changes are clustered. The LTDB identifies the
type of tract boundary change for every 2010 tract, which should facilitate such a review.
Consistent with findings above, difficult cases are likely to be found, for example, in fast
growing areas where a single large and low density tract is replaced by multiple, higher
density areas created by new housing developments. Although these developments may be
relatively homogeneous in the zone of growth, they may also be highly fragmented by price
range or housing type. Areas where many people may be located in a specific location
(perhaps on only part of a census block), such as group quarters institutions and apartment
complexes, also may not be estimated well with interpolation methods.

More specifically and regardless of the source being used it is advisable to compare the
estimated total population in tracts directly with the census re-tabulations that are now
publicly available, identifying tracts that bear closer scrutiny. The re-tabulated census data
are now provided on the Census Bureau website.” Problems may also be found with other
population characteristics, even when the total population estimates are well aligned with the
census re-tabulation. When there are errors in total population estimates, their effects can be
magnified for specific population segments (by personal characteristics such as education or
race or by housing characteristics such as single family vs multifamily). The NCDB, LTDB
and NHGIS presume that all components of the population and housing can be allocated
across tracts in the same proportions as the total population (in the case of NHGIS, this
involves both the total population and total housing units). This is often a reasonable
assumption. To the extent that population and housing characteristics tend to have a spatial
pattern that extends beyond a single tract, adjacent tracts will be similar and estimates of
their composition will not be much affected by interpolation. But even within relatively
small geographic areas (two to four adjacent census tracts that are involved in boundary
shifts) this “lumpiness” in the data may result in erroneous estimates.

It is not always possible to provide guidance on the nature and magnitude of potential errors
in population estimates. The Federal Geographical Data Committee (FGDC) has enacted
data accuracy standards for many kinds of geospatial data, but there is no such standard for
secondary geodemographic data of the type studied here. The user community is best served
by an open-source database with fully documented procedures, allowing future users to
refine the approach as new methods or ancillary information become available.
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Figure 1.
Tract boundary changes in the vicinity of Dallas-Ft. Worth airport. The new tract

48439980000 is shaded yellow; boundaries of its contributing 2000 census tracts are shown
inred.
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Census tracts in Oahu (Hawaii). 2000 tract boundaries are shown in red and the new tract

15003990001 on its perimeter is shaded green.
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Figure 3.
Census tract 12101032002 in 2000 (Pasco County, FL), divided into five tracts in 2010
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Table 1

Census tract boundaries over time: number and population of tracts experiencing various types of changes

between 2000 and 2010

Total population (millions)

Average tract size

Type of Change Number Share 2000 2010
No change 49,757 68.9% 200.0 210.4
Many to one (mergers) 981 1.4% 35 35
One to many (splits) 12,445 17.2% 43.4 55.1
Without divided blocks 6,138 8.5% 21.8 26.4
With divided blocks 6,307 8.7% 21.7 28.8
Many to many 9,022 12.5% 325 374
Without divided blocks 2,279 3.2% 8.1 9.0
With divided blocks 6,743 9.3% 244 28.4
Total 72,205 100.0% 279.3 306.4

2000
4,020
3,521
3,489
3,544
3,435
3,597
3,535
3,618
3,869

2010
4,228
3,614
4,429
4,294
4,561
4,146
3,968
4,206
4,244
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Table 2

Contributors to new Dallas tract 48439980000 (real 1990 population: 19)

1990 tract number:
3507 3515 3620 3703 3705

3706

New tract estimate

Total population in 2000 8,224 7,408 11,384 5240 5,265
Share of area allocated to new tract 69.09 52.66 531 044 36.14
Share of land area allocated to new tract ~ 68.8  52.67 532 066 36.07
Interpolation: all area 5,682 3,901 604 23 1,903
Interpolation: land area 5,658 3,902 606 35 1,899
LTDB 0 0 3 1 109
NHGIS 0 0 0 1 14

4,808
77.43
77.48
3,723
3,725

15,836
15,824
117

16
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Interpolation of 2000 population in the 2010 components of Honolulu tract 15003008402 (real 1990

population 8,801)

Table 3

Share of total area allocated to the new tract
Share of land area allocated to the new tract
Interpolation: all area

Interpolation: land area

LTDB

NHGIS

Census retabulation

New 2010 tract number:

8402 8407 8408 990001

7.65 0.46 1.33 90.56
76.42 6.07 1752 0

619 37 108 7,324
6,180 491 1417 0
7,980 6 102 0
7,996 16 75 0
8,041 693 67 0
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Table 4

Distribution of tracts by proportional error in estimate

Exact <1% 1-2.99% 3-499% 5-10% >10%
Tracts with no change (n=49,757)
Avreal interpolation (inc. water area) 0.140 0.680 0.111 0.024 0.018 0.025
Avreal interpolation (land only) 0.145 0.695 0.110 0.023 0.017 0.010
NCDB 0.086 0.596 0.189 0.062 0.038 0.028
LTDB 0.157  0.699 0.098 0.021 0.015 0.010
NHGIS 0.160 0.700 0.095 0.020 0.015 0.010
Many to one tracts (n=981)
Avreal interpolation (inc. water area) 0.115 0.616 0.154 0.041 0.030 0.045
Areal interpolation (land only) 0.120  0.640 0.148 0.038 0.023 0.031
NCDB 0.037 0.412 0.301 0.119 0.080 0.052
LTDB 0.138  0.648 0.127 0.034 0.024 0.029
NHGIS 0.140 0.647 0.123 0.038 0.023 0.029
One to many tracts — no divided block (n=6,138)
Avreal interpolation (inc. water area) 0.000 0.022 0.045 0.047 0.115 0.770
Areal interpolation (land only) 0.000 0.020 0.045 0.049 0.119 0.766
NCDB 0.000 0.022 0.046 0.048 0.115 0.770
LTDB 0.196 0.632 0.104 0.027 0.023 0.018
NHGIS 0.196 0.632 0.104 0.027 0.023 0.018
Many to many tracts — no divided block (n=2,279)
Avreal interpolation (inc. water area) 0.004 0.129 0.171 0.095 0.130 0.472
Areal interpolation (land only) 0.004 0.132 0.172 0.098 0.134 0.459
NCDB 0.004 0.118 0.172 0.100 0.133 0.472
LTDB 0.221 0.592 0.104 0.032 0.025 0.026
NHGIS 0.221 0.592 0.104 0.032 0.025 0.026
One to many tracts — with divided block (n=6,307)
Avreal interpolation (inc. water area) 0.001 0.020 0.039 0.038 0.079 0.823
Areal interpolation (land only) 0.001  0.020 0.040 0.039 0.084 0.816
NCDB 0.001 0.021 0.039 0.037 0.081 0.822
LTDB 0.055 0.563 0.183 0.060 0.062 0.076
NHGIS 0.062 0.613 0.162 0.052 0.048 0.063
Many to many tracts — with divided block (n=6,743)
Avreal interpolation (inc. water area) 0.004 0.194 0.204 0.086 0.101 0.410
Avreal interpolation (land only) 0.004 0.193 0.213 0.088 0.104 0.398
NCDB 0.005 0.183 0.198 0.092 0.108 0.415
LTDB 0.057  0.530 0.205 0.064 0.053 0.090
NHGIS 0.066  0.595 0.175 0.050 0.042 0.073
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Distribution of tracts by absolute size of error in estimate

Table 5

Exact 1-5 6-25 26-100 101-499 500+
Tracts with no change (n=49,757)
Avreal interpolation (inc. water area) 0.140 0.278 0.335 0.172 0.055 0.020
Avreal interpolation (land only) 0.145 0.287 0.342 0.170 0.051 0.006
NCDB 0.086 0.212 0315 0.272 0.094 0.020
LTDB 0.157 0.300 0.337 0.154 0.046 0.006
NHGIS 0.160 0.303 0.337 0.150 0.044 0.006
Many to one tracts (n=981)
Avreal interpolation (inc. water area) 0.115 0.244 0.324 0.203 0.086 0.029
Areal interpolation (land only) 0.120 0.253 0.335 0.201 0.073 0.017
NCDB 0.037 0119 0.230 0.392 0.192 0.030
LTDB 0.138 0.267 0.329 0.178 0.071 0.016
NHGIS 0.140 0.270 0.324 0.179 0.070 0.016
One to many tracts — no divided block (n=6,138)
Avreal interpolation (inc. water area) 0.000 0.003 0.014 0.050 0.266 0.666
Areal interpolation (land only) 0.000 0.002 0.013 0.049 0.275 0.660
NCDB 0.000 0.003 0.014 0.051 0.265 0.667
LTDB 0.196 0.299 0.304 0.140 0.052 0.009
NHGIS 0.196 0.299 0.304 0.140 0.052 0.009
Many to many tracts — no divided block (n=2,279)
Avreal interpolation (inc. water area) 0.004 0.025 0.074 0.208 0.314 0.375
Areal interpolation (land only) 0.004 0.024 0.077 0.215 0.317 0.363
NCDB 0.004 0.026 0.065 0.204 0.325 0.376
LTDB 0.221 0.283 0.285 0.139 0.057 0.014
NHGIS 0.221 0.283 0.285 0.139 0.057 0.014
One to many tracts — with divided block (n=6,307)
Avreal interpolation (inc. water area) 0.001 0.004 0.016 0.047 0.206 0.726
Areal interpolation (land only) 0.001 0.004 0.015 0.047 0.218 0.716
NCDB 0.001 0.005 0.016 0.046 0.207 0.726
LTDB 0.055 0.201 0.329 0.249 0.138 0.028
NHGIS 0.062 0.233 0.349 0.235 0.103 0.019
Many to many tracts — with divided block (n=6,743)
Avreal interpolation (inc. water area) 0.004 0.033 0.108 0.248 0.281 0.326
Avreal interpolation (land only) 0.004 0.033 0.109 0.252 0.287 0.315
NCDB 0.005 0.030 0.098 0.248 0.292 0.327
LTDB 0.057 0.176 0.303 0.284 0.150 0.030
NHGIS 0.066 0.217 0.339 0.253 0.105 0.020
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Table 6

Root Mean Squared Error (RMSE) for proportional error in estimates by type of tract

Page 26

Tracts with no change (n=49,757)

Many to one tracts (n=981)

One to many tracts — no divided block (n=6,138)
Many to many tracts — no divided block (n=2,279)
One to many tracts — with divided block (n=6,307)
Many to many tracts — with divided block (n=6,743)
All tracts (n=72,205)

Areal interpolation Areal interpolation NCDB LTDB NHGIS
(incl. water) (land only)

43.7 2.5 43.9 1.0 1.0

0.1 0.1 0.1 0.1 0.1

1229.9 11045 1229.6 0.2 0.2

2339.8 23430 2334.2 1.8 1.8

2440.2 24157 24398 97.4 77.6

2939.3 2902.5 2938.8 2111 178.8

1276.6 1254.4 1276.1 70.6 59.2
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