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Abstract  
 
Metropolitan areas around the world are seeking to better manage freight flows and reduce 
negative impacts on local populations.  A major challenge to better urban freight management is the 
lack of data; little is known about freight movements at the intra-metropolitan level. We develop 
the concept of a freight landscape: spatial patterns of freight activity. We use population and 
employment density quartiles to explain spatial patterns of development in four metropolitan areas 
in California: Los Angeles, San Francisco, Sacramento and San Diego. We hypothesize that the 
freight landscape can be described using data on population, employment and transport system 
supply.  We test the concept using network model data for the Los Angeles region and San Francisco 
region.  We find that in both cases, our simple proxies have significant explanatory value, and hence 
may provide an effective means for approximating spatial patterns of freight activity. 
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Using secondary data sources to describe metropolitan freight flows  

 

1  INTRODUCTION 
 
Countries and cities around the world are connected by economic interactions that generate flows 
of people, goods, information and money. Large gateway cities function as logistics hubs in the 
global freight network, while the concentration of population and production in these cities also 
generate substantial demand for goods movement.  The volume of freight moving within and across 
metropolitan areas is increasing due to more complex supply chains, changing consumer and 
business preferences, and the rise of e-commerce (Dablanc and Rodrigue, 2014). Freight 
movements are a problem in cities around the world.  Though essential for the functioning of 
metropolitan areas, freight generates negative externalities such as air pollution, noise, and GHG 
emissions, and contributes to congestion (Giuliano et al, 2013).  
 
Efforts to better manage freight are constrained by lack of data and methodological tools.  Basic 
data such as the number of trucks operating in a metropolitan area, number of deliveries taking 
place in commercial districts, or of truck volumes on major streets is virtually unknown and 
typically not available except via costly one-time surveys.  Urban freight modeling research has 
developed various types of freight trip generation methods, but freight generation does not provide 
a sufficient portrayal of the overall impacts of freight across various locations.  There is little 
research on the relationship between spatial structure and freight flows, in contrast to the 
extensive literature on spatial structure and passenger flows.  A better understanding of these 
relationships would improve our ability to understand the dynamics of urban freight distribution 
and to design more effective solutions to urban freight problems. 
 
This research explores the relationship between population distribution, employment distribution, 
ÔÒÁÎÓÐÏÒÔ ÓÙÓÔÅÍ ÓÕÐÐÌÙȟ ÁÎÄ ÆÒÅÉÇÈÔ ÆÌÏ×Ó ÉÎ #ÁÌÉÆÏÒÎÉÁȭÓ ÆÏÕÒ ÌÁÒÇÅÓÔ ÍÅÔÒÏÐÏÌÉÔÁÎ ÁÒÅÁÓȢ  We 
ÐÒÅÓÅÎÔ ÔÈÅ ÃÏÎÃÅÐÔ ÏÆ ȰÆÒÅÉÇÈÔ ÌÁÎÄÓÃÁÐÅȱ ɀ a description of freight activity imputed from 
population, employment and transport network characteristics.  In the absence of detailed, fine 
grain data, the use of secondary data provides a framework to approximate freight supply, demand, 
and flow; to take advantage of existing but sparse freight flow data; and to conduct more strategic 
data collection to generate more precise freight flow estimations.  
 

1.1.   Freight in Metropolitan Areas  
 
Metropolitan freight activity may be described as of two main types:  freight related to local supply 
or demand, and freight related to national or international trade. Globalization has increased as a 
result of transport and communications technology as well as trade liberalization policies (Dicken, 
2007).  Production supply chains have become more complex as producers seek out comparative 
advantage opportunities around the world. Goods production processes ɀ spatially fragmented but 
temporally integrated -- ÃÏÎÎÅÃÔ ÃÏÕÎÔÒÉÅÓ ÁÎÄ ÃÉÔÉÅÓ ÉÎÔÏ ȬÇÌÏÂÁÌ ÐÒÏÄÕÃÔÉÏÎ ÎÅÔ×ÏÒËÓȭ ÄÅÍÁÎÄÉÎÇ 
cost-efficient and timely flow of goods (Capineri and Leinbach, 2007). The outcome is consistent 
growth in cross-border trade for the last several decades.  In the US, total foreign merchandise 
trade increased by nearly one third from 2000 to 2012 (FHWA 2014). 
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1.1.1 Global and local flows  
 
Large metropolitan areas are the major nodes of the global production network, containing the 
largest ports, airports and intermodal facilities.  For example, the top 25 import/export facilities in 
the US are located in 15 metro areas; they accounted for 44% of total trade of $3.7 trillion in 2011.  
The top 5 (Los Angeles, New York, Detroit, Houston, and Laredo) account for 27% of the total 
(FHWA, 2014).These metro areas serve as transshipment nodes, consolidating exports or 
distributing imports, as well as major centers of production and consumption. Rodrigue (2004) 
ÎÏÔÅÓ ÔÈÁÔ ÔÈÅÓÅ ÇÁÔÅ×ÁÙ ÃÉÔÉÅÓ ÁÒÅ ÕÓÕÁÌÌÙ ÌÏÃÁÔÅÄ ÉÎ ȬÍÅÇÁ-ÕÒÂÁÎ ÒÅÇÉÏÎÓȭ ÔÈÒÏÕÇÈ ×ÈÉÃÈ ÌÏÇÉÓÔÉÃÓ 
functions are geographically and functionally integrated at the local, regional, and global levels.  
These regions developed historically as points of trade.  With large and concentrated population 
and economic activity, they generate much of the trade demand and provide the array of expertise 
for managing global supply chains.  Large US metropolitan areas ɀ those with population of 1 
million or more ɀ account for over 90% of freight shipment origins and destinations by value. The 
concentration of trade in large metro areas means concentrated demand on the rail and highway 
systems.  Eleven of the top 25 highway bottlenecks are located in Los Angeles and Chicago 
(Cambridge Systematics, 2005). In a ranking of corridors (highway segments) by Inrix for 2014, Los 
Angeles and New York have 13 of the worst 25 corridors.  
 
The second type of freight activity is associated with the supply and demand of the local population: 
ÔÈÅ ȰÌÁÓÔ ÍÉÌÅȱ ÄÅÌÉÖÅÒÙ ÏÒ ÐÉÃËÕÐ ÏÆ ÉÍÐÏÒÔÓȾÅØÐÏÒÔÓȟ ÁÎÄ ÔÈÅ ÉÎÔÒÁ-metropolitan trade of 
commodities (local production and consumption).  Freight related to local supply and demand is 
also increasing due to longer and more complex supply chains, increasing velocity within supply 
chains (e.g. just-in-time practices), the rise of e-commerce, and overall per capita income, 
population and employment growth. Increased freight activity at the metropolitan level means 
increased truck trips and vehicle miles traveled.  Unfortunately, there is no data source for 
metropoli tan truck traffic in California or the US.  European data suggests that truck traffic accounts 
for 10-15 percent of total urban vehicle traffic (BESTUFS, 2006).    
 
Our research is aimed at understanding both types of freight activity.  The Los Angeles and San 
Francisco metropolitan areas are major international import/export nodes.  San Diego has 
concentrated cross-border trade, while Sacramento functions as a regional market.  Together these 
metropolitan areas provide a variety of contexts for examining freight flows and urban form. 

1.2 Organization of Report  
 
The scope of our research changed as a result of data limitations.  We were going to conduct case 
studies of Los Angeles, San Francisco, and San Diego, and estimate models of freight activity as a 
function of local and regional spatial characteristics to test the freight landscape concept.  Model 
estimation requires network flow data for trucks, which we obtain from regional transportation 
planning simulation models.  San Diego did not have separate truck flow data, and consequently 
models could not be included in the formal tests.  To compensate for the loss of the San Diego 
statistical analysis, we added Sacramento as a fourth case study to include in the descriptive 
portion of the analysis. 
 
We construct the freight landscape models by estimating the intensity of truck activity as a function 
of land use characteristics.  We expect flow density to be related both to transport system supply 
and demand, all else equal. As a means to evaluate our results, we also estimate models of the 
intensity of all vehicle activity.   We estimate models in two forms.  In the first we use categorical 
measures of population and employment development density, and in the second we use measures 
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of population and employment characteristics.  We control for spatial correlation and access to 
major facilities.    
The remainder of this report is organized as follows.  Chapter 2 presents a literature review on 
freight flows and urban form.  Chapter 3 introduces the freight landscape concept, and presents a 
descriptive analysis of the four case study metropolitan areas.  Chapter 4 presents data, method and 
results of our formal tests for Los Angeles and San Francisco.  Chapter 5 presents a summary of the 
research, some observations on the freight landscape concept, and a discussion of policy 
implications. 
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2 LITERATURE REVIEW:  FREIGHT AND URBAN FORM 
 
This chapter is an evaluation of current documentation on the relationship between freight activity 
and urban form. While urban form affects the type of volume of freight activity that a city can 
accommodate, there have been relatively few studies that describe the mechanisms through which 
freight activity and urban form shape each other.  
 

2.1 Overview  
 
Most cities prior to the auto age were built around freight facilities due to the high cost of moving 
goods on land. The earliest cities developed around ocean or river ports. Later, cities developed 
around railroad terminals, with manufacturing clustering around these major transport nodes. 
With the advent of the truck, freight could move ubiquitously at relatively low costs, reducing the 
need for industry to locate near major water or rail nodes and hence contributing to the 
decentralization of population and employment witnessed throughout the 20th century.  The shift to 
a service and then information economy also played a role in this process.   
 

2.1.1 Freight transport infrastructure location  
 
Metropolitan freight flows are the result of the spatial distribution of freight supply and demand, 
and the transport supply. In general, freight transport supply is fixed. The major transport nodes ɀ 
ports, airports, rail terminals ɀ are mostly an historic legacy from the 19th and 20th centuries.  
Because of their size and value they remain fixed in place, despite population growth and changes 
in economic structure.   
 
When examining road freight transport, in sharp contrast with other freight modes, urban form is 
determined first and foremost by the provision of transportation infrastructure for personal 
transport. As noted by Boarnet and Crane (2001), urban travel patterns are affected by supply as 
well as demand. Cities that have ample provision of highway infrastructure and lack natural 
barriers to growth will tend to have a more dispersed urban form when compared to cities that are 
constrained by natural barriers and/or choose to invest more heavily in mass transit. In most cases, 
trucks piggy-back on infrastructure that was designed to accommodate passenger travel demand.  
For this reason, a city that is generally ill suited to efficiently handle auto traffic will generally also 
inhibit freight activity . As stated by Cherrett,   
 

This is not to say, however, that freight journeys are unaffected by urban form. Clearly, factors 
such as settlement size, density, and commercial and industrial land use patterns are likely to 
influence the extent and location of urban freight activity as well as the operating patterns 
and types of vehicles used for freight work that takes place to and within the urban area 
(Allen, Brown and Cherrett, 2012 p. 46)   

 

2.1.2 Freight and land use  
 
The location of freight supply and demand is determined by the location choices of businesses and 
households.  In general, freight intensive activities (manufacturing, warehousing and distribution) 
make location choices by trading off land and transport costs.  These activities tend to be large scale 
and land intensive, making land price a critical factor.   
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Cities, through their zoning authority, can affect the overall supply of industrial land and its 
location, also affecting land prices. As cities have de-industrialized and the value of land close to the 
city center has increased, there is a growing intolerance for freight activity due to its impacts on 
noise, vibration, emissions, safety and congestion as well as visual blight. For this reason, cities have 
increasingly relied on zoning changes to restrict the use of freight, even in areas originally  
designated for freight activity (Meitzen et al, 2012). Freight locations, and consequently freight 
trips are increasingly determined not by economic optimization but by locating in those areas in 
which their  presence is still permissible and where this permission is unlikely to be revoked. 
Through concentration, freight users can cluster their impacts and thereby reduce the total area 
impacted by the various negative externalities (Boile and Theofanis, 2009). 
 
The encroachment of incompatible land use on freight activity has different impacts for different 
modes. For water transportation, the transition of industrial waterfronts for residential and 
tourism use is a major challenge. For rail corridors, the development of land that borders rail 
corridors is problematic. For rail terminals, which are often located near the central business 
district, the increased value of the land threatens to dislodge these terminals and thereby disrupt 
the rail network. Several areas have examined potential rail relocation as a mechanism for 
alleviating this issue, yet it remains prohibitively costly in most instances (Meitzen et al, 2012). 
 
There is little research on how freight dynamics may influence or be associated with land use 
patterns at the intra-metropolitan scale.  It is generally observed that urban freight is inefficient due 
to 1) restrictions on routes and delivery time windows; 2) parking and loading limitations, 3) a 
larger share of small deliveries (including home deliveries), and 4) inventory and replenishment 
practices of urban retailers (Holguin-Veras, et al, 2005; Giuliano et al, 2013; Xing et al, 2010; Bomar, 
Becker and Stollof, 2009).  
 
There is evidence that freight activity and congestion is associated with density.  Studies of New 
York City show very high rates of deliveries to restaurants in Manhattan (Holguin-Veras et al., 
2005), as well as higher rates of illegal truck parking in Manhattan than other parts of the city 
(Bomar, Becker and Stollof, 2009).  In addition, most urban freight mitigation programs focus on 
the city core (Giuliano et al, 2013).   
 

2.1.3 Empirical studies of warehousing and distribution  
 
There is a growing literature on warehouse and distribution facility location. These studies 
document land price and availability as the dominant factor.  Klastorin finds that in general, firms 
tend to prioritize land costs over transportation costs, particularly in cases where they do not 
derive direct benefits from servicing the surrounding area (Klastorin et al, 1995). The implication 
for distribution centers is that, all else equal, they will tend to locate in the periphery of cities rather 
than in areas that are closer to their customer base but result in higher land costs.  A recent study of 
warehousing and consolidation in Great Britain observes that British companies have been 
increasingly consolidating warehousing locations in order to have better hinterland access (Allen, 
"ÒÏ×ÎÅ ÁÎÄ #ÈÅÒÒÅÔȟ ςπρςɊȢ ȰAlthough freight transport costs may increase as a result of these 
location decisions, these cost increases are more than offset by the cost savings resulting from the 
ÃÅÎÔÒÁÌÉÓÁÔÉÏÎ ÏÆ ÓÔÏÃËȱ ɉAllen, Browne and Cherrett, 2012 p. 3). For Paris, Dablanc and 
Rakotonarivo (2010) note that parcel transport terminals have consistently moved outward from 
the city center since the 1970s. This study also gauges the impacts in terms of additional CO2 
emissions that result from these more distant locations relative to the city center examined changes 
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in the location distribution on logistics services in the Tokyo metro area (Sakai et al, 2015). They 
find consistent decentralization, despite very high transport costs.  As logistics facilities consolidate 
into fewer larger facilities located further from the city center, they generate additional VMT and 
the various associated negative externalities (Sakai et al, 2015). 
 
In California, studies of warehouse and distribution center location have been conducted for the Los 
Angeles metro area by Dablanc, et al. (2014). Dablanc and co-authors measured the average 
distance of each W/DCs to the geographic centroid (barycenter) of all W/DCs in 1998-2009. The 
average distance of W/DCs to the barycenter of the urban area increased by 23% (from 25.9 to 32.0 
miles). A current study commissioned by the Southern California Association of Governments 
(SCAG) is nearing completion. It examined not only where warehouses were located but also their 
other attributes. The study found that vacancy rates throughout of region were extremely low. 
Warehousing has been pushed to the periphery of the region not due to a preference for distant 
warehousing space, but to the infeasibility of accommodating demand within the more developed 
parts of the region. (Cambridge Systematics, 2015). 
 

2.2 Modeling approaches for generating freight flows  
 
The spatial pattern of freight supply and demand ultimately determines the freight flows observed 
on the transportation system.  Freight models that predict freight flows from a given distribution of 
freight supply and demand are a growing topic of research.  There are multiple methods. The choice 
of method depends on the degree of available data, the need to model various interaction effects, 
the need to account for technological change over time, and the need to tie in freight activity with 
broader forces in the economy.  (Kuzmyak 2008 p. 10)  
 
Urban freight demand modeling is more difficult than passenger demand modeling for two reasons.  
First, there are no equivalent resources to the basic data gathered for passenger travel ɀ population 
characteristics, journey to work data, or travel survey data.  As noted in Chapter 1, there is no 
readily available, consistently collected data source for sub-metropolitan freight movements or 
characteristics.  Second, freight patterns are highly sensitive to economic conditions and prices.  
Thus, even if the data were available, predicting freight flows would be more uncertain than 
predicting passenger flows.  In addition, until recently (past few decades), there has been little 
interest in incorporating freight into metropolitan travel demand models.  In most metro areas 
freight constitutes a small portion of total traffic, and using approximate methods such as factoring 
ÁÒÅ ȰÇÏÏÄ ÅÎÏÕÇÈȢȱ &ÏÒ ÔÈÅÓÅ ÒÅÁÓÏÎÓȟ freight models are less well developed and produce less 
reliable results than passenger models (Novak et al, 2011). 
 

2.2.1 The Four Step Approach  
 
Some models have been adapted from the traditional four -step passenger traf fic-demand model. 
This approach fails to take into account some of the specific attributes of freight and hence can lead 
to false or incomplete conclusions. The behavior of freight operators is quite distinct from that of 
general traffic. In some ways, the activities of freight providers are more economically rational than 
general traffic. For example, freight operators seek to minimize transportation costs and will often 
alter behavior rapidly in response to small shifts in macroeconomic conditions.  
 
As described by the FHWA, freight modelling involves the transforming of economic factors into 
freight generation rates. The most typical employment estimates used for freight generation 
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include North American Industry Classification System (NAICS) or Harmonized System (HS) codes. 
One weakness of using these data sources is that specific employment totals are often suppressed 
for confidentiality reasons, particularly at higher levels of disaggregation (Novak et al, 2011). 
 
Rather than tying the outputs to the specific economic characteristics of residents within each 
Transportation Analysis Zone (TAZ), in four-step freight modelling inputs are measured in terms of 
either commodities or vehicles. Outputs are always measured in terms of vehicles.  Trip generation 
rates are based on specific multipliers  by industry and by truck type (FHWA, 2013). Truck trip 
ÇÅÎÅÒÁÔÉÏÎ ȰÉÓ ÄÅÔÅÒÍÉÎÅÄ ÂÙ regressing the number of commercial vehicles on the number of 
employees in various industries and household populationȱ (Yoon and Kim, 2009, pp. 4).  In 
muÌÔÉÐÌÅ ÒÅÇÒÅÓÓÉÏÎȟ Ȱ4ÒÉÐ ÇÅÎÅÒÁÔÉÏÎ ÒÁÔÅÓ ÒÅÐÒÅÓÅÎÔ ÎÕÍÂÅÒ ÏÆ ÔÒÉÐÓ ÓÔÁÒÔÅÄ ÁÎÄ ÅÎÄÅÄ ÂÙ ÔÒÕÃËÓ 
ÐÅÒ ÕÎÉÔ ÏÆ ÅØÐÌÁÎÁÔÏÒÙ ÖÁÒÉÁÂÌÅȱ (Kulpa, 2014 p. 199). The difficulty in producing accurate models 
of freight generation by this manner is clear from the fact that the generation of freight trips is a 
multistep process. Therefore, it is difficult to assign freight generation to a specific geography in a 
way that is analogous to passenger transportation. In other words, at what point in the supply chain 
can we reliably say that the freight trip was generated?  Another complicating factor in four step 
modelling for trucks is the different trucks have different impacts on the roadway network. The 
breakdown of trucks by type can also be difficult to project absent direct observation, which can 
dramatically drive up data collection costs (Kuzmyak, 2008). 
 
Four-step models for trucks can be paired with other freight generation models to describe the 
impacts of other modes.  For rail, the most commonly used tool to generate rail trips is the Carload 
Waybill Sample, generated by the Surface Transportation Board (FHWA, 2013). Modelling rail flows 
is even more challenging as the rail system is fully controlled by a few private operators and, for 
this reason, it is exceedingly difficult to model freight rail activity based on input-output models - 
particularly at a small geographic scale. For this reason, future estimates of rail activity are 
sometimes simply extrapolated from past trends as opposed to generation through formal 
modelling. Similarly, while national or international level maritime freight forecasts are modelled 
based on economic multipliers, more frequently forecasts are based on individual ports or 
terminals.     
 

2.2.2 Commodity based models   
 
Another approach to freight modeling is to directly model the economic exchange of goods, and 
from these commodity flows derive the transport or shipping flows. Commodity based models, of 
which the Freight Analysis Framework (FAF) is the most well-known, rely on input -output models 
of economic activity. The FAF is designed to simulate interstate flows, and thus has limited utility 
for sub-metropolitan modeling.  The FAF is sometimes used to generate control totals for flows in 
and out of the metro area by commodity type and mode.  
 
The commodity based approach requires a method for translating the economic flow (dollar value 
of a given commodity) to a tonnage flow, and then to a truck flow.  Typically, average values by 
sector are used for the value to weight conversion.  The conversion from weight to truck trips tries 
to take into account empty return trips, etc.  This process is subject to many errors.  Thus, although 
the commodity approach is behaviorally more robust, it may or may not generate better results 
than the four-step model.   
 
Another alternative is a Supply Chain/Logistics model, which models life cycles of products and 
their transportation considerations. One weakness of these models, as described by NCFRP, is that 
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they tend to overstate the ability of freight to shift between modes. (Cambridge Systematics, 2010)   
For both supply chain and input output based models, the efficacy of their projections tends to 
diminish at smaller geographic scales. (Cambridge Systematics, 2010) 
  

2.3 Real Time Freight Trac king  
 
Due to the weaknesses in traditional freight models described above, researchers have sought 
methods to directly measure freight activity, particularly for truck movements in urban areas and 
within other environments such as marine and rail terminals. One of the most promising sources of 
data on urban freight flows are trucks equipped with GPS which allows their daily activity to be 
tracked. (Cambridge Systematics 2010) One area of precision that is better explained through GPS 
trackers is freight trip chaining, which is particularly essential when explaining less- than truckload 
(LTL) and small parcel delivery truck behavior. As stated in NCFRP Report 8, ȰChaining of freight 
ÁÃÔÉÖÉÔÉÅÓ ÃÏÕÌÄ ÂÅ ÁÄÄÒÅÓÓÅÄ ÂÙ ÕÓÅ ÏÆ '03 ÄÁÔÁȢȱ (Cambridge Systematics, 2010, p. 13) The 
processing of historical GPS data that no longer has commercial strategic importance is a 
particularly attractive data source.  
 
Fleet managers are increasingly installing GPS on their trucks as an internal business decision in 
order to prevent inefficient practices. In some cases, historical records may be made available to 
researchers. In addition to trucks, GPS trackers as well as active RFID transponders are also 
commonly installed on individual containers and pallets, allowing for an even higher level of 
transparency on how freight moves through the supply chain. Active RFID tags emit their own 
signal and for this reason have a much longer read range. The instillation of active RFID on all 
equipment, including empty containers and chassis helps logistics firms to identify stages in the 
supply chain that are less productive and can enable firms to test the efficacy of new procedures 
(Lieberthal, 2011). As is the case with GPS records for trucks, archived RFID records can serve as a 
potentially powerful new data source.    
 
Recently, terminals have started to rely on Bluetooth scanners in order to track precise movements 
of vehicles as they move throughout a terminal or industrial park. As each Bluetooth device emits a 
unique signal, scanners are able to track individual vehicles through each stage of the delivery 
ÐÒÏÃÅÓÓ ÂÙ ÒÅÁÄÉÎÇ ÔÈÅ ÓÉÇÎÁÌ ÆÒÏÍ ÔÈÅ ÄÒÉÖÅÒȭÓ ÍÏÂÉÌÅ ÄÅÖÉÃÅȢ !Ó ÎÏÔ ÅÖÅÒÙ ÄÒÉÖÅÒ ÃÁÒÒÉÅÓ Á 
Bluetooth enabled mobile device, and not every driver will have his/her device enabled while 
servicing a terminal, this technique cannot be used to perform traffic counts, however it can be used 
to model probe vehicles.   
 

2.4 Summary  
 
This chapter has presented an overview of the relationship between transport system supply, land 
use and freight activity location.  We observe that land prices and zoning constraints heavily 
influence the location of freight intensive activities such as warehousing and distribution and 
explain observed decentralization trends.  We note that major nodes are spatially fixed, and the 
system adapts to changing spatial patterns of supply and demand by trading off increased transport 
costs (and hence increased freight flow on the network) for lower land costs.   
 
The lack of zone or tract scale data on truck movements, deliveries, or shipping patterns leaves 
modeling as the primary tool for estimating sub-metropolitan freight flows.  The two most widely 
used approaches are variants of the four-step passenger demand model, and commodity based 
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methods that rely on economic input/output data.  Both models implicitly assume a relationship 
between land use and freight flows.  For example, land use is the input for freight generation and 
attraction in the four-step model.  Both approaches require highly detailed sector level data, any 
many assumptions about how the underlying demand is expressed as truck trips on a network. 
 
The last part of the chapter provides a brief review of methods for obtaining more data on freight 
flows and truck travel patterns. 
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3 THE FREIGHT LANDSCAPE AND FOUR CASE STUDIES 
 
As summarized in the previous section prior research has shown that urban spatial structure 
influences freight flows, but little is known about systematic relationships.  We hypothesize that 
freight flows generated by economic activities depend systematically on the spatial organization of 
freight suppliers and demanders, as well as on the transportation facilities within the metropolitan 
areas.  

3.1 Conceptual framework  
 
There are many different types of freight flows in metropolitan areas.  For example, Dablanc and 
Rodrigue (2014) describe the distinctions between consumer and producer flows.  Consumer flows 
include independent and chain retailing, food deliveries, and parcel and home deliveries.  Producer 
flows include industrial production, warehousing and distribution, construction materials, and 
waste.   Each is associated with a unique supply chain, and hence unique flow characteristics.  We 
use the example of retailing to illustrate, and consider how development density ɀ the combined 
effects of population and employment density ɀ might affect retail deliveries.  We illustrate in 
Figure 3.1.   

 

Figure 3. 1 Development density and delivery costs for retailing activities 
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In rural areas with dispersed population and economic activity, delivery costs are relatively high 
due to smaller loads and long delivery distances, even though road capacity is not a constraint. In 
suburban areas, there is still adequate transport supply, and the greater density of demand makes 
deliveries more efficient.  Trips are generally shorter due to proximity to warehouse/distribution 
centers.  When we approach higher levels of urban density, delivery costs increase at an increasing 
rate.  Higher density is associated with higher land values, and higher land values lead to more 
intense use of the space available.  For retailers, this necessitates more revenue per square foot, 
more rapid turnover of product, and less space devoted to storage, compared to retail activities in 
lower density environments.  A similar dynamic is at work for commercial businesses and 
residences.   
 
Higher population density is also associated with higher diversity in product types more product 
and consumption diversity, especially in areas with higher income populations.  This diversity is 
exhibited by greater prevalence of independent retailers (restaurants, specialty clothing, etc.) who 
together offer a broad spectrum of consumer goods and services and hence use a wide variety of 
suppliers for relatively small volume orders.  These relationships imply more and smaller 
shipments.  Finally, higher density implies more frequent basic services (trash pickup, maintenance 
services, etc.).  These more frequent truck activities take place in an environment of limited parking 
and loading facilities and intense competition for scarce road, curb and sidewalk space (Dablanc et 
al, 2013).  At the highest density, truck size may be limited, again increasing trip frequency and cost. 
We therefore expect the attributes of freight flows (frequency, volume, vehicle mix, etc.) to vary 
with development density. 
 
Development density, transport demand, and transport infrastructure capacity are interdependent. 
The high price of land promotes more intense utilization (and hence transport demand), while also 
making the provision of transport capacity ever more costly.  Thus we observe congested roads, rail 
networks, and sidewalks in the densest parts of cities.  
 
The freight landscape is based on development density:  the combined density of both population 
and employment.  Freight demand is generated by both households and firms.  We argue that the 
overall intensity of land use, which reflects underlying land prices, is the critical factor in explaining 
the volume and characteristics of freight flows.  However, development density occurs in different 
combinations.  Some areas may have high population density, but low employment density (multi-
family residential neighborhoods) others may have the reverse (manufacturing zones).  We expect 
that freight flows will differ accordingly.  Truck traffic should be relatively low in the first case and 
relatively high in the second, even though the development density may be the same.  Thus our 
freight landscape measure should take into account the relative proportions of population and 
employment, as well as the combined density.  To operationalize the concept, we use combinations 
of population and employment density.  We combine quartiles of both to generate a 16-category 
freight landscape measure. 
 

3.2 Case Study Areas 
 
7Å ÕÓÅ #ÁÌÉÆÏÒÎÉÁȭÓ ÆÏÕÒ ÌÁÒÇÅÓÔ ÍÅÔÒÏÐÏÌÉÔÁÎ ÁÒÅÁÓ ÔÏ ÔÅÓÔ ÔÈÅ ÆÒÅÉÇÈÔ ÌÁÎÄÓÃÁÐÅ ÃÏÎÃÅÐÔȢ  &ÏÒ ÁÌÌ 
four metro areas, we generate the development density measure, map the landscape, overlay the 
transport network, and describe similarities and differences.  For Los Angeles and San Francisco, 
we conduct formal tests of the relationship between development density and freight flows.  This 
chapter presents the data and descriptive analysis; model results are presented in Chapter 4. 
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The Los Angeles, San Francisco, San Diego and Sacramento metropolitan areas are quite diverse 
and thus provide good cases for testing the concept.  Table 3.1 gives population, employment, and 
area size using 2010 data. Los Angeles, the second largest CSA in the US, has roughly twice the 
population and employment as San Francisco, and four times more area.  San Diego and Sacramento 
are much smaller in population and employment, but more comparable to San Francisco in area.  
Because CSAs are built from counties, each metro area has a substantial portion of land that has 
little or no population.   We eliminate these undeveloped areas from our analysis (see Section 3.2.2) 
  
Table 3. 1 Population, Employment, Area Size, 2010  

 Population Employment Size (Sq-KM)* 
Los Angeles CSA 17,872,394 7,034,637 88,049 
San Francisco CSA 7,133,524 3,142,824 18,246 
San Diego MSA 3,095,313 1,230,279 10,895 
Sacramento CSA 2,414,783 908,342 18,871 

* We use metric units, because this project is part of a larger international research program with 
all partners using metric system. 
 
4ÈÅ ÍÅÔÒÏÐÏÌÉÔÁÎ ÁÒÅÁÓ ÄÉÆÆÅÒ ÉÎ ÏÔÈÅÒ ×ÁÙÓȢ  ,ÏÓ !ÎÇÅÌÅÓ ÉÓ ÔÈÅ ÎÁÔÉÏÎȭÓ ÎÕÍÂÅÒ ÏÎÅ ÉÎÔÅÒÎÁÔÉÏÎÁÌ 
trade node.  San Francisco is also a major international trade center, but in higher value goods.  San 
Francisco is the most geographically constrained, with the bay in the middle and with parts of the 
area surrounded by steep hills.  Sacramento is a trade node for the central valley, and San Diego 
serves as a hub for cross-border trade and industry.  The four metro areas also differ in transport 
supply.  San Francisco and San Diego have relatively extensive highway systems relative to 
population.  According to FHWA (Federal Highway Administration), in California, San Diego has the 
largest ratio of freeway lane-miles per 1,000 population in 2008: 0.65, followed by San Francisco 
(0.57), Los Angeles (0.47), and Sacramento (0.43). ,ÏÓ !ÎÇÅÌÅÓ ÈÁÓ ÔÈÅ ÎÁÔÉÏÎȭÓ ÌÁÒÇÅÓÔ ÐÏÒÔÓ ÁÎÄ 
five major airports.  These differences should lead to different development density patterns and 
freight flows.   
 

3.2.1 Data sources 
 
This section describes all of our data and data sources.   
 

3.2.1.1 Metropolitan Areas 
 
We define metropolitan areas as a contiguous set of cities or counties that are economically 
integrated.  Economic integration means significant exchanges of people (commuting) or goods 
(shipping) across borders.  The closest census definition is the CSA (Combined Statistical Area) for 
multi -county metro areas, and MSA (Metropolitan Statistical Area) for single county metro areas.  
Our case study areas are: 
 
¶ Los Angeles-Long Beach-Riverside, CA CSA (Los Angeles CSA) consists of three MSAs, 5 

counties in total: Los Angeles-Long Beach-Santa Ana, CA MSA (Los Angeles and Orange 
County); Oxnard-Thousand Oaks-Ventura, CA MSA (Ventura County); and Riverside-San 
Bernardino-Ontario, CA MSA (Riverside and San Bernardino County).  

 
¶ San Jose-San Francisco-Oakland, CA CSA (San Francisco CSA) consists of six MSAs, 11 

counties in total: Napa, CA MSA (Napa County); San Francisco-Oakland-Fremont, CA MSA 
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(Alameda, Contra Costa, Marin, San Francisco, and San Mateo County); San Jose-Sunnyvale-
Santa Clara, CA MSA (San Benito and Santa Clara County); Santa Cruz-Watsonville, CA MSA 
(Santa Cruz County); Santa Rosa-Petaluma, CA MSA (Sonoma County); and Vallejo-Fairfield, 
CA MSA (Solano County).  

 
¶ Sacramento-Arden-Arcade-Yuba City, CA-NV CSA (Sacramento CSA) consists of four MSAs, 

8 counties in total: Gardnerville Ranchos, NV miSA (Douglas County, excluded); 
Sacramento-Arden-Arcade-Roseville, CA MSA (El Dorado, Placer, Sacramento, and Yolo 
County); Truckee-Grass Valley, CA miSA (Nevada County); and Yuba City, CA MSA (Sutter 
and Yuba County). We excluded Douglas County, NV from the study area. * miSA is 
Micropolitan  Statistical Area.  

 
¶ San Diego-Carlsbad-San Marcos, CA MSA (San Diego MSA) consists of one county in total: 

San Diego County.  
 
We use the 2009 Census definition of the CSAs, the closest year to the 2010 target year of our data.   
 

3.2.1.2 Population, Employment, and Transport System Data Sources 
 
Population data are from the 2010 US Census. Employment data are from the 2010 Longitudinal 
Employer-Household Dynamics program (LEHD). LEHD is based on unemployment insurance wage 
data, the Quarterly Census of Employment in Wages, and the Office of Personnel Management data. 
Two-digit North American Industry Classification System (NAICS) industry sector employment 
counts are available at the census block level. We aggregate to census tracts. LEHD includes all 
employment, except milita ry, the self-employed, and the informally employed.1 For the Los Angeles 
and San Francisco CSAs, we use Transportation Analysis Zones (TAZs) as our geographic unit in 
order to better link  our transportation network data. TAZs are approximately the same size as 
census tracts. Census tracts often have boundaries along major highways or arterials; TAZs are 
configured to include these facilities within boundaries.  We use aerial apportioning to convert from 
census tracts to TAZs.  The TAZ geography is provided by the Metropolitan Planning Organizations 
(MPOs), SCAG and the Metropolitan Transportation Commission (MTC). All data are in ArcGIS 
shapefiles. 
 
Transportation and traffic data include highways, major arterials, collectors, freight railways (LA 
only), and major freight nodes ɀ airports, seaports, and intermodal facilities. Road transportation 
system and traffic data are also provided by the MPOs.  We obtained output from regional 
transportation plan (RTP) models: the 2008 SCAG RTP model for Los Angeles and the 2010 
MTC/ABAG RTP model for San Francisco. RTP models generate link flows by time of day and 
vehicle type.  
 
Seaport location data were retrieved from World Port Index. Seaport statistics are from USDOT 
Maritime Administration 2013 Vessel Calls data. We include following ports as major freight nodes: 
Port of Los Angeles, Port of Long Beach, Port Hueneme, San Francisco Bay Area (San Francisco, 
Oakland, Richmond, Redwood City), Port of San Diego, Port of Stockton, and Port of West 
Sacramento.   
 
Cargo-service airport location data were retrieved from FAA (Federal Aviation Administration, 
ACAIS 2013 data). Cargo-service airport statistics are from Federal Aviation Administration 2014 

                                                             
1 http://lehd.ces.census.gov/applications/help/onthemap.html#!faqs#7  
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Air Carrier Activity Information System data. We include cargo service airports that received more 
than 100 million lbs. landed-weight. Included  are LAX (Los Angeles International), SFO (San 
Francisco International), SJC (Norman Y. Mineta San Jose International), ONT (Ontario 
International), OAK (Metropolitan Oakland International), LGB (Long Beach), SAN (San Diego 
International), MHR (Sacramento Mather), and SMF (Sacramento International).   
 
Location data for intermodal facilities were retrieved from the Intermodal Association of North 
America (IANA). Freight rail and intermodal facility statistics are from Caltrans Freight Planning 
Fact Sheets. We include only rail-to-truck facilities, given our focus on truck traffic. Airport -to-truck 
facilities are geographic duplicates of airport  location.  Included facilities are BNSF San Bernardino, 
BNSF LA Hobart, BNSF Stockton, BNSF OIG, UP Los Angeles, UP LATC, UP City of Industry, UP ICTF, 
UP Oakland, and UP Lathrop.  
 

3.2.2 Exclusion of sparsely populated areas  
 
CSAs are constructed on the basis of counties, and therefore may include areas that are sparsely 
populated, such as national forest or other protected areas, deserts, or agricultural land.  Our 
interest is in urban freight, so we exclude the least populated tracts or TAZs from each metro area. 
We define ȬÓÐÁÒÓÅÌÙ ÐÏÐÕÌÁÔÅÄ ÁÒÅÁÓȭ ÁÓ ÚÏÎÅÓ ×ÉÔÈ ÐÏÐÕÌÁÔÉÏÎ ÁÎÄ ÅÍÐÌÏÙÍÅÎÔ ÄÅÎÓÉÔÙ ÌÏ×ÅÒ ÔÈÁÎ 
the one-tailed 1.65 standard deviations from the mean of the natural log form of the variables. In 
the standard normal distribution, 5% of each sample falls in this category. Population and 
employment density measures are separately calculated, and we eliminate zones with both 
population and employment density below the given thresholds. We keep zones if either population 
or employment density is above the criterion. In this way, high-employment and low-population 
density zones or low-employment and high-population density zones are retained.  
 
We present summary statistics before and after the low-density zone elimination below in Table 
3.2.  The share of census tracts/TAZs eliminated ranges from 4.3% in San Francisco to 7.6% in 
Sacramento.  The share of population and employment eliminated ranges from about 1 to 6% and 2 
to 4% respectively.  In contrast, about 77% of the land area is eliminated.  Los Angeles has the 
largest share eliminated (84%).  Los Angeles and San Bernardino Counties include extensive 
national forest and uninhabited desert. Figures 3.2 a-d show the included and excluded areas for 
each metro area.  
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Figure 3. 2 a-d Included and excluded portions of metro areas 

 
 
Table 3. 2 Sparsely developed area exclusions 

Los Angeles 

  
 

Whole sample 
Cut-off 

threshold 
(people/sqkm)  

Study area Difference 
Eliminated 
Percentage 

TAZ 3,999 - 3,789 210 5.3% 

Population 17,872,394 52.05 17,634,468 237,926 1.3% 

Employment 7,034,637 14.30 6,995,204 39,433 0.6% 

Square kilometer 88,049 - 14,010 74,039 84.1% 
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San Francisco  

  Whole Sample 
Cut-off 

threshold 
(people/sqkm)  

Study area Difference 
Eliminated 
Percentage 

TAZ 1,454 - 1,398 56 3.9% 

Population 7,133,524 204.37 6,840,367 293,157 4.1% 

Employment 3,142,824 30.90 3,082,215 60,609 1.9% 

Square kilometer 18,246 - 6,971 11,275 61.8% 

 
Sacramento 

  Whole sample 
Cut-off 

threshold 
(people/sqkm)  

Study area Difference 
Eliminated 
Percentage 

Census Tracts 541 - 500 41 7.6% 

Population 2,414,783 49.42 2,269,230 145,553 6.0% 

Employment 908,342 5.91 882,384 25,958 2.9% 

Square kilometer 18,871 - 5,444 13,427 71.2% 

 
San Diego 

  Whole sample 
Cut-off 

threshold 
(people/sqkm)  

Study area Difference 
Eliminated 
Percentage 

Census Tracts 627 - 598 29 4.6% 

Population 3,095,313 206.56 2,928,770 166,543 5.4% 

Employment 1,230,279 21.17 1,207,606 22,673 1.8% 

Square kilometer 10,895 - 2,471 8,424 77.3% 

 

3.3 Population and employment distribution  
 
In this section we discuss the population and employment distributions, generate our development 
density measure, and discuss patterns across the four case study areas. 
 

3.3.1 Populat ion and employment  density descriptive statistics  
 
Table 3.3 gives descriptive statistics for population and employment density.  The mean population 
density is up to three times greater than that of employment density, because total population is 
always larger than total employment.  San Francisco and Los Angeles have notably higher densities 
than Sacramento and San Diego, as expected.  The employment distribution is more skewed than 
population. Peak employment density is markedly higher than peak population density, whereas 
average employment density is lower than that of population. The magnitude of the mean 
proportional to  the median of employment is also substantially larger than that of the population in 
four metropolitan areas, which implies that a large share employment is concentrated in a few high-
density zones.  
 
The relative concentration of employment varies across metropolitan areas. The ratio of the peak to 
median employment density is the largest in Los Angeles CSA (440.8), followed by San Francisco 
CSA (229.7) and Sacramento CSA (182.5). San Diego MSA shows the smallest ratio (114.9).  These 
patterns are consistent with their relative metropolitan size.  The ratios of the median population 
density and median employment density are quite similar, but the ratio of the means is not; ratios 
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are higher for Sacramento and San Diego, suggesting a more dispersed pattern of employment.  
That is, employment concentration is greater in the two larger CSAs.  
 
 
Table 3. 3 Population and employment density descriptive statistics 

Los Angeles 
  Mean Median Min Max 

Pop. Density 3,604 2,806 0 35,021 

Emp. Density 1,573 565 0 247,629 

 
San Francisco 
  Mean Median Min Max 

Pop. Density 3,871 2,859 11 44,681 

Emp. Density 2,418 555 6 127,415 

 
Sacramento 
  Mean Median Min Max 

Pop. Density 1,695 1,670 3 6,628 

Emp. Density 708 240 3 43,884 

 
San Diego 
  Mean Median Min Max 

Pop. Density 2,857 2,315 19 19,335 

Emp. Density 910 353 8 40,600 

 
 

3.3.2 Population and employment quartile statistics  
 
We compare population and employment distribution among the four metropolitan areas by 
quartile density groups. Each quartile group contains an almost consistent number of spatial units.2 
These quartile groups are comparable due to the regularity of the spatial unit in the number of 
inhabitants. For the Los Angeles and San Francisco CSAs, we use Traffic Analysis Zones (TAZ), 
spatial unit of analysis for the following Freight Landscape tests. For the Sacramento and San Diego 
CSAs, we use Census Tracts. The US Census Bureau formulates census tract as a small geographical 
unit for statistical analysis that optimally has 4,000 people within a range of 1,200-8,000. Spatial 
size varies depending on the density of population.3 Census tract delineation does not take 
employment into account, so we cannot say that employment is equivalently comparable. Traffic 
Analysis Zones (TAZ) are similar  to census tracts in terms of size and variation with population 
density.  
 
We also create sixteen quartile density group combinations by combining four population quartile 
groups with four employment quartile groups, as presented in Table 3.4. This matrix is the basis for 

                                                             
2 4ÈÅÙ ÁÒÅ ȬÁÌÍÏÓÔȭ ÃÏÎÓÉÓÔÅÎÔ ÉÎ ,ÏÓ !ÎÇÅÌÅÓ ÁÎÄ 3ÁÎ &ÒÁÎÃÉÓÃÏ #3!Ó ÂÅÃÁÕÓÅ ×Å ÄÒÏÐÐÅÄ Á ÆÅ× ÓÐÁÔÉÁÌ ÕÎÉÔÓ 
that have no traffic data. They are consistent in Sacramento CSA and San Diego MSA.  
3 Geographic terms and concepts ɀ Census Tract, U.S. Census Bureau 
(https://www.census.gov/geo/reference/gtc/gtc_ct.html ) 
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our models estimated in Chapter 4. We compare and present characteristics of population quartile 
groups, employment quartile groups, and quartile group combinations.  
 
Table 3. 4 Development density matrix 

Quartile groups Population 1st Q Population 2nd Q Population 3rd Q Population 4th Q 

Employment 1st Q P1 | E1 P2 | E1 P3 | E1 P4 | E1 

Employment 2nd Q P1 | E2 P2 | E2 P3 | E2 P4 | E2 

Employment 3rd Q P1 | E3 P2 | E3 P3 | E3 P4 | E3 

Employment 4th Q P1 | E4 P2 | E4 P3 | E4 P4 | E4 

 
 

3.3.2.1 Population Density 
 
Table 3.5 gives the average and distribution of population density quartiles for the four metro 
areas. Figure 3.3 graphs the population quartile mean values for each metro area and illustrates the 
large differences in overall distribution across the four metro areas. Figures 3.4 a-d map the 
population density quartiles.  The Los Angeles and San Francisco CSAs have similar population 
distribution s. The mean, minimum, and maximum density values of each quartile group are similar. 
The San Diego MSA has both a higher mean for the lowest quartile and lower mean for the highest 
quartile, indicating a more homogeneous overall distribution.  Sacramento stands out as notably 
lower density throughout.   
 
Table 3. 5 Population density quartiles 

Los Angeles 
Quartile N of zones Mean Min Max 

P1 948 529 0.0 1,275 

P2 947 2,050 1,275 2,806 

P3 947 3,647 2,808 4,726 

P4 947 8,192 4,728 35,021 

*** N of quartiles is not the same, due to the elimination of zones with no traffic data.  
 
San Francisco 
Quartile N of zones Mean Min Max 

P1 350 691 11 1,398 

P2 349 2,189 1,399 2,857 

P3 350 3,630 2,861 4,657 

P4 349 8,985 4,666 44,681 

 
Sacramento 
Quartile N of zones Mean Min Max 

P1 125 293 3 739 

P2 125 1,205 744 1,669 

P3 125 2,059 1,672 2,507 

P4 125 3,222 2,516 6,628 
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San Diego 
Quartile N of zones Mean Min Max 

P1 150 786 19 1,350 

P2 149 1,808 1,353 2,310 

P3 150 3,037 2,319 3,698 

P4 149 5,812 3,720 19,335 

 
 

 
Figure 3. 3 Population quartile mean density 

 
The figures show different population density patterns.  In Los Angeles, population is spread 
throughout a large core area, with a corridor of higher density that approximates the main north-
south freeways through the region.  In San Francisco, population density is concentrated around the 
Bay.  The geographic constraints ɀ bay and mountain ɀ define development patterns in this region. 
In Sacramento, population density is concentrated around the central city. The population density 
pattern is more irregular in San Diego, with the highest densities along the coast.  In all cases, lower 
population density extends from the core along major highway corridors.  
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Figure 3. 4 a-d Population density quartiles of metro areas 
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3.3.2.2 Employment Density 
 
Table 3.6 gives the average and distribution of employment density quartiles for the four metro 
areas, and Figure 3.5 graphs the quartile mean values.  Figures 3.6 a-d map the employment density 
quartiles.  There are several observations to be drawn from the table and figures.  First, 
concentration of employment is observed throughout, but is most pronounced for San Francisco.  
However, although the San Francisco average for Q4 is notably higher than for Los Angeles, the 
maximum density is nearly twice as high in Los Angeles.  Both metro areas have concentrated 
employment, but the pattern of concentration is different.  Third, average employment density for 
every quartile is notably lower for Sacramento and San Diego, and the maximum density values are 
less than half ÏÆ 3ÁÎ &ÒÁÎÃÉÓÃÏȭÓȢ   
 
Table 3. 6 Employment density quartiles 

Los Angeles 
Quartile N of zones Mean Min Max 

E1 948 93 0 207 

E2 947 372 207 565 

E3 947 883 566 1,307 

E4 947 4,946 1,308 247,629 

 
San Francisco 
Quartile N of zones Mean Min Max 

E1 350 116 6 234 

E2 349 390 234 555 

E3 350 848 555 1,316 

E4 349 8,330 1,327 127,415 

 
Sacramento 
Quartile N of zones Mean Min Max 

E1 125 35 3 83 

E2 125 157 86 240 

E3 125 388 241 605 

E4 125 2,252 606 43,884 

 
San Diego 
Quartile N of zones Mean Min Max 

E1 150 71 9 132 

E2 149 237 132 352 

E3 150 590 354 862 

E4 149 2,752 863 40,600 
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Figure 3. 5 Employment quartile mean density 

 
Again, the four metropolitan areas show distinctive employment distribution patterns. In Los 
Angeles, similar to population, employment is spread throughout the region with a clear pattern of 
multiple employment concentration clusters There are corridors of high employment density along 
major highways, as well as large clusters in the Los Angeles downtown and in Orange County. San 
FranciscoȭÓ unique geography predetermines employment distribution to locate along the narrow 
corridors of the Bay Area. Basically, employment co-locates with population. In Sacramento, most 
employment is concentrated in the central area with a few subcenters nearby. Similar to 
population, employment locates along highway corridors. In San Diego, the largest concentration of 
high employment density is north of downtown San Diego, in the area near a major university and 
bio-tech industry hub.  As with Los Angeles, employment tends to locate along major highway 
corridors. 
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