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$ EVWUDFW�
We present the Ship Traffic, Energy and Environment Model (STEEM) to predict the 
routes of inter-port ship movements, estimate ship energy use and air emissions, and to 
produce gridded ship emissions inventory. We built an empirical global waterway dataset 
with ~10,000 segments based on the network structure derived from 20-year historical 
locations of ships. Applying ArcGIS Network Analyst, we solved ~21,000 routes (unique 
pairs of ~1,800 world ports) on the global network for ~170,000 trips in North America 
in 2002. Based on the length of segments, ship attributes, emissions estimation algorithm, 
and relationship between individual ships, trips, routes, and segments of the network, we 
calculated number of trips, amount of air emissions from individual segments, and 
produced the gridded ship emissions inventory. We also present the ongoing work on 
refining the network for the San Francisco Bay area using ship Automatic Identification 
System (AIS) data and the future work to develop a comprehensive GIS-based ship 
emissions inventory model for the State of California.  

,QWURGXFWLRQ�
The impacts of ship emissions on the environment and human health have been 
increasingly scrutinized by researchers and policy makers;  studies have shown that these 
emissions are non-negligible, and can be significant for coastal areas with heavy ship 
traffic (1-25). With on-land sources becoming cleaner under more stringent regulations, 
and with the rapid growth of waterborne commerce, the share of ship emissions will 
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continue to grow and the need to evaluate and minimize the impacts of these emissions 
will become imperative (5, 20, 26, 27). Spatially resolved ship emissions inventories are 
essential inputs for modeling such impacts. However, due to the complexity of ship 
operation, limited geospatial information of ship activities producing spatially resolved 
ship emissions inventories have been a great challenge (25, 28).  

Larger scale (regional or global) spatially resolved emissions inventories have been 
produced using a top-down approach by allocating aggregated emissions using spatial 
surrogates (3). The International Comprehensive Ocean-Atmosphere Data Set (ICOADS) 
and the Automated Mutual-assistance Vessel Rescue System (AMVER) data set 
(AMVER) have been used to spatially allocate global ship emissions (4, 10, 25, 29, 30). 
ICOADS is a collection of global marine surface observations collected from ships and 
buoys (for ship emissions allocation purpose, only observations from ships have been 
used) (31). AMVER is a global ship reporting system used worldwide by search and 
rescue authorities to arrange for assistance to ships and persons in distress at sea. 
AMVER is strictly confidential and used only in a bona fide maritime emergency (28).  

Wang et al. demonstrated (using ICOADS) a method to improve global-proxy 
representation by trimming over-reporting vessels, by using multiple-year data, and by 
weighting ship observations with ship installed power; these steps mitigate sampling bias, 
augment sample data set, and account for ship heterogeneity (30). Regional inventories 
produced with a top-down approach using improved ICOADS as a spatial proxy agree 
well with regional studies using bottom-up approaches (30). The comparison of ship 
activity patterns depicted by ICOADS, AMVER, and their combination, however, 
demonstrates different spatial and statistical sampling biases; none can be judged to 
represent global ship traffic and emissions better than any other by cross-comparison 
alone (30). Figure 1 demonstrates the discrepancy of the ship emissions allocation 
surrogates derived from ICOADS and AMVER.  

An examination of ICOADS reveals that it over-samples container ship traffic, and 
refrigerated cargo ship (i.e., reefer) traffic, and under-samples general cargo ship and 
tanker traffic, particularly general cargo ship traffic (30). Container and reefer vessels 
more typically require weather routing information than bulk vessels due to their liner 
schedules, which may explain their increased participation in ICOADS (30). In contrast, 
AMVER over-samples bulk carrier, tanker, and container ship traffic, especially bulk 
carrier and tanker traffic and significantly under-samples general cargo ship, RO-RO, and 
reefer traffic (30). AMVER’s sampling bias is consistent with its participating criteria 
that until recently AMVER had been limited to ships over 1000 gross tons, on a voyage 
of 24 hours or longer.  

The differences in the spatial surrogates could significantly affect the accuracy of ship 
emissions inventories and atmospheric modeling. An independent methodology is needed 
to validate the global estimation of ship emissions and the representation of different 
spatial surrogates used for the top-down approaches. 
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Figure 1. Comparison of ship emissions spatial allocation proxies derived from 
power-weighted AMVER 2005 and improved ICOADS 2000-2002; warm color 
means AMVER has a greater value while cool color means ICOADS has a greater 
value in that grid cell. 

In this paper, we present the technical details of the Waterway Network Ship Traffic, 
Energy, and Environment Model (STEEM), which was developed to improve the 
quantification and spatial representation of inter-port vessel traffic and emissions (in-port 
activities are addressed by other studies). This paper complements the paper published 
previously by Wang et. al. (3) by providing fuller description of the GIS-based technical 
elements of the model.  

7KH� 6KLS� 7UDIILF� � ( QHUJ\ � � DQG� ( QYLURQP HQW� 0 RGHO�
� 67( ( 0 � �
One of the motivations for developing STEEM was to improve the quantification and 
spatial representation of inter-port vessel traffic and emissions. STEEM solves a route for 
each ship movement (trip) on a global empirical waterway network built from 20-year 
ship traffic data. Emissions are estimated using a more detailed bottom-up approach for 
each trip based on installed power, service speed, engine load of the specific ship that 
made the trip, and the distance travelled (the length of the route solved for that trip). 
Emissions are estimated spatially by using both the distances and locations of the routes. 
Figure 2 illustrates the components of STEEM. 
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Figure 2. Illustration of Waterway Network Ship Traffic, Energy and Environment 
Model (STEEM). 

Compared to a top-down approach, STEEM does not rely on the statistical analysis of 
fleet attributes (installed power) and operating profiles (hours of operation), nor does it 
rely on a spatial surrogate to allocate emissions. Compared to a bottom-up approach, 
STEEM can be applied to a larger scale (continental or global) and solve the complete 
shipping activities data set by automating the route solving process on an empirical 
waterway network instead of manualy drawing a route for each trip. 

STEEM is composed of three primary data sets, including a shipping activities (or ship 
movement) data set, a ship attributes data set, and a global empirical waterway network. 
Various geoprocessing scripts are used to solve the routes, process the data, and estimate 
the emissions. Figure 3 illustrates the relationship among the data sets of STEEM. The 
one-to-many relationships between ship attributes data set and the shipping activities data 
set means that one ship can have many trips while one trip can be associated with only 
one ship. The many-to-one relationships between shipping activities data set and the 
route data set means that one trip can be assigned to only one route while there can be 
many trips between one pair of port IDs. The many-to-many relationships between routes 
and segments means that a route can be composed of many segments and one segment 
can be part of many routes. 

Ship Traffic Spatial Proxy Shipping Activities Data Set 

Shipping Routes Individual Trips 

Ship Attributes Data Set 

Routes & Network Segments Relationship 

Spatial Distribution of Shipping Activities

Routes & Trips Relationship 

Empirical Waterway Network 
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Figure 3. Illustration of the relationship among the data sets of STEEM. 

Shipping Activities Data Set 
An ideal shipping activities (or ship movement) data set contains all ship trips within the 
study spatial domain for a particular time period. A trip is defined as a non-stop 
movement from one origin point to a destion point. 

To develop a North American ship emissions inventory, we collected ship trips from the 
U.S. Army Corps of Engineers (USACE) Foreign Traffic Entrances and Clearances data 
set (32), which contains all movements of ships carrying U.S. foreign commerce in and 
out of U.S. ports, and from the Lloyd's Shipping Information Database (33), which 
contains nearly all ship movements in and out of Canadian and Mexican ports.  

We removed duplicate movements to avoid double counting. Each trip in the data set is 
unique, and has a unique trip ID. The combination of these two data sets includes nearly 
all ship movements carrying North American waterborne commerce (excluding U.S. 
domestic commerce data, which were not part of these data sets). In total, there are 
approximately 172,000 unique trips in the North American shipping activities data set for 
year 2002. Each trip is associated to a ship ID of the ship that made the trip. The ship IDs 
are consistent with the ship IDs in the ship attributes data set.  

Each trip has one origin port and one destion port. We built a data set which includes all 
ports appearing in the shipping activities data set for 2002. We assigned each port a 
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unique port ID, used to link the shipping activities data set to the waterway network. 
Most ports within the activities data set include their geographic locations (longitude and 
latitude.)   Four databases contribute missing data, including Geographic Data for 
International Cities, Landmarks (http://earth-info.nga.mil/gns/html/cntry_files.html); 
Geographic Data for U.S. Cities, Landmarks 
(http://geonames.usgs.gov/geonames/stategaz/index.html); the United Nations Code for 
Trade and Transport Locations (UN/LOCODE at 
http://164.214.12.145/pubs/pubs_j_wpi_sections.html); and the World Port Index – 
Digital Navigation Publication of the U.S. National Geospatial-Intelligence Agency 
(http://www.unece.org/cefact/locode/service/main.htm). About 400 U.S. ports and about 
1,300 non-U.S. ports are in the 2002 U.S. Entrances and Clearances data set; about 950 
ports are in the 2002 Lloyd’s ship movement data set.  

We compared port locations to the locations of shipping lanes revealed in ICOADS and 
AMVER  and found them to be consistent.  The intensity of ship traffic depicted in 
ICOADS and AMVER also qualitatively matched the throughput of the ports. 

We created a data set that contains all pairs of ports appearing in the activities data set. 
We define each unique pair for a certain ship size as a route. We account for the size of 
ships by querying unique records of port pairs and ship size groups as defined in this ship 
attributes data set. Therefore, there may be three routes between each port pair, one for 
ships that can pass the Panama Canal, one for ships too big to pass Panama Canal but 
small enough to pass the Suez Canal, and the other for ships that are too big to pass the 
Suez Canal. We assume the routes do not vary by direction of travel. Future local or 
small-regional enhancements may consider the fact that ships may take different paths 
within port approaches and departures in opposite directions, e.g. traffic separation 
scheme. In total, there are approximately 21,000 routes in the North American shipping 
activities data set for year 2002. 

Ship Attributes Data Set 
We built a ship attributes data set that contains information such as ship type, ship 
dimension (draft, beam, and length), ship installed power, service speed, etc., of 
individual ships. Each ship in the data set is unique and has a unique ship ID which is 
used to link with the shipping activities data set. We suggest IMO number, which does 
not change throughout the whole life of a ship, to be used as unique ship ID whenever it 
is available. The ship attributes data set includes all ships appearing in the shipping 
activities data set. 

We built the ship attributes data set based on information contained in the shipping 
activities data set and the information from Lloyd’s Register CD-ROM (34). Where ship 
power data are missing, the values were estimated for each vessel type by regressing the 
relationships between Gross Registered Tonnage (GRT) and Net Registered Tonnage 
(NRT) and between Power and GRT. Table 1 summarizes the relationship among NRT, 
GRT and main engine installed power.  
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Table 1. Relationships among ship NRT, GRT and main engine installed power 
 NRT and GRT1 GRT and Power2

Ship Type 

Number 
of 
Samples y as GRT, x As NRT3 R2

Number 
of 
Samples 

y as power, x As 
GRT3 R2

Container ship 1,372 y = 2.9594x0.965 0.94 1,149 y = 2.5008x0.8801 0.92 
Tanker 2,814 y = 4.3031x0.9172 0.95 1,817 y = 18.189x0.6093 0.92 
General Cargo 3,881 y = 1.9999x0.9992 0.98 2,244 y = 5.3799x0.7633 0.86 
Bulk Carrier 4,820 y = 2.4517x0.9619 0.98 1,700 y = 66.728x0.4826 0.74 
Reefer 512 y = 4.6369x0.8976 0.87 227 y = 1.2462x0.9783 0.91 
RO-RO4 848 y = 3.056x0.987 0.93 965 y = 692.09x0.2863 0.83 
Passenger 459 y = 1.6034x1.0258 0.99 299 y = 0.6379x + 1411.5 0.95 
Fishing 227 y = 3.1075x - 149.78 0.96 3,440 y = 19.266x0.6658 0.69 
Miscellaneous 5,190 y = 2.8151x0.9467 0.91 3,951 y = 77.806x0.5283 0.51 

Notes: 1. Samples are unique NRT and GRT pairs in US Army Corps of Engineers (USACE) Entrances 
and Clearances data set 1997- 2003 ; 2. Samples are ships with GRT and main engine total installed power 
data in Lloyds Register CD-ROM 2004 (34); 3. The regression type with higher R2 between linear and 
power regression is chosen; 4. RO-RO is an industry acronym for Roll-on/Roll-off vessel. 

Where speed data are missing, the average service speed of a given type of ship in the 
data set is used. Table 2 summarizes the average speed we used, the average speed used 
by Lloyds Register in the Baltic Sea study  and the average speed used by Entec UK 
Limited in the study for the European Commission (16, 24). 

Table 2. Average cruise speed by ship type 

Ship Type 
Number of 
Samples1

Average Speed 
(knots) 

Lloyds Register 
Study   (knots) 

Entec Study 
(knots) 

 Container Ship 2,596 19.9 20.0 19.0 
 Tanker  7,082 13.2 15.0 14.4 
 General Cargo  9,308 12.3 14.0 12.0 
 Bulk Carrier  4,464 14.1 14.0 13.6
 Reefer  850 16.4 20.0 17.0 
 RO-RO  2,996 16.9 18.0 15.0 
 Passenger  1,825 22.4 20.0 21.0 
 Fishing  8,199 11.7 13.0 13.6
 Miscellaneous  10,116 12.7 11.0 12.0

Notes: 1. Samples are ships with service speed in Lloyds Register CD-ROM (34). 

Ships were grouped into nine major ship types: containers ships, bulk carriers, tankers, 
general cargo ships, RO-RO ships, passenger vessels, reefers, fishing vessels, and 
miscellaneous vessels. Ships were also categorized into three groups based on ship 
dimension: (1) ships are small enough to use both the Panama Canal and the Suez Canal;  
(2) ships are too big to pass Panama but small enough to pass the Suez Canal; and (3) 
ships are too big to pass either of the two Canals. It is possible that a loaded vessel could 
not pass through the Panama or Suez Canals, but the same vessel could pass the Canals 
when empty. Due to limited data of cargo load of ships, however, we assume loaded and 
empty ships use the same route.  
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The Empirical Waterway Network 
The National Waterway Network developed by the U.S. Army Corps of Engineers 
(USACE) (35) covers limited regions and does not necessarily reflect the shape and 
location of real-world shipping lanes. As a result, we decided to use ICOADS and 
AMVER data to create an empirically defined waterway network. The empirical 
waterway network is composed of links (segments), which represent the actual shipping 
lanes, and nodes which represent ports or the points where shipping lanes intersect.  

A spatial and temporal analysis of ship traffic is the foundation of the development of 
STEEM. We obtained 1983-2002 ICOADS data reported only by ships (merchant, ocean 
research, fishing, navy, etc), including time, position and average speed of ships when 
reporting as well as ship identifiers (publicly available at http://dss.ucar.edu/pub/coads/ ). 
There are about 34 million ship position (with 0.1 degree resolution) reports in the 20-
year (1983-2002) global ICOADS data set. Each record has a ship identifier, the 
longitude and latitude resolution of the position when ship reported the marine surface 
data to ICOADS, and other information.  

To simplify the process, we assumed that ships are homogenous (although ships vary in 
size and speed, and in other attributes), and the number of ships reported at one location 
represents ship traffic intensity at that location. We plotted these points in ArcMap and 
exported these data as shapefiles. In order to efficiently perform the math operation of the 
data, we converted the shapefiles to raster files. We used the Point Statistics tool in the 
Spatial Analyst tool box to count the number of ships reported at each location over a 
certain period. Figure 4 demonstrate the process and tools used to convert ICOADS 
shapefile to raster data. Nodata value was converted to 0 to allow for mathematical 
operations on the grids.   

Figure 4. The process and tools used to process ICOADS shapefile. 

Figure 5 demonstrates ship traffic patterns derived from ICOADS for year 2002, 1995, 
1990, and 1985. Major shipping lanes are clearly depicted in these pictures. Most 
importantly, we observed that with the intensity among shipping lanes shifts, the structure 
(shape) of the waterway network has been stable over the last two decades from 1985 to 
2002.  Figure 6 shows the ship traffic pattern derived from AMVER has similar structure 
to the traffic pattern derived from ICOADS.  
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Figure 5.   Ship traffic patterns derived from ICOADS for year  

    

2002, 1995, 1990, and 1985.
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Figure 6.   Ship traffic pattern derived from AMVER. 

The comparison of ship traffic patterns over a given time period, and from relatively 
independent data sets, confirms the notion that ships travel along well-established 
shipping lanes.  This provides the theoretical basis for building a global empirical 
waterway network that can be shared and reused with periodical updates and upgrades (4, 
10, 36). 

We developed polylines based on the shipping lanes identified from the 20-year (1983-
2002) ICOADS and two years of AMVER (2004 and 2005). The polylines were divided 
into segments (links) where shipping lanes intersect or where the width or other attributes 
change. Each segment has a unique segment ID. We assigned the width of the shipping 
lanes (manually measured from the ICOADS data) to the segments for buffering the 
polylines into polygons which are more representative of the shape of the ship lanes. For 
inland shipping lanes, we drew the line along the rivers. When the lanes can not be 
clearly identified, we drew the lines based on our navigation knowledge. The network for 
North American waterborne commerce is comprised of about 9,000 segments. Figure 7 
illustrates the empirical waterway network.  

A “pass” attribute was added to the segments to control whether a specific segment is 
traversable for certain size of ships to reflect the constraints of the Panama Canal and the 
Suez Canal. This attribute also can be used to reflect whether the lanes are traversable for 
certain types of ships, e.g. tankers are prohibited for certain areas, or certain seasons or 
weather in the future enhanced version of the network. Other attributes can be added to 
reflect other constraints of the routes such as fuel costs, e.g. ships in SOx Emission 
Control Areas have to use low sulfur fuel or technologies with equivalent reductions. The 
network can be updated and modified by adding new lines, or by plugging more refined 
regional network data into this global network. 
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To solve the problem that the routes connected on a globe are disconnected on a map 
with plane projection, we created two waterway networks with everything identical but 
the central meridian. One network uses the prime meridian as the central meridian with 
routes connected for the Atlantic Ocean but disconnected for the Pacific Ocean. Another 
network uses the International Date Line  as the central meridian with routes connected 
for the Pacific Ocean. Routes are  solved for each of the two networks and the shorter 
routes will be chosen. Below are the parameters we used for the networks: 

Projected Coordinate System: World_Equidistant_Cylindrical 
Projection: Equidistant_Cylindrical 
False_Easting: 0 
False_Northing: 0 
Central_Meridian: 0 or 180 
Standard_Parallel_1: 0 
Linear Unit: Kilometer 

Figure 7.  Illustration of the global empirical waterway network 

6ROYLQJ� 5 RXWHV�
We solved the routes on the emprical waterway network using ArcGIS Network Analyst 
to establish the relationship between the routes in the shipping activities data set and the 
empirical waterway network. Figure 8 illustrate examples of solved routes. The segments 
contained in each routes were selected by selecting segments that “share a line segment 
with” the solved route.  
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Figure 8. Illustration of some solved routes. 

We created a geoprocessing model in ArcGIS ModelBuilder to automate the route 
solving process. Figure 9 demonstrates the user interface of the tool. The inputs of the 
tool include the waterway network dataset, the shapefile of the network, and a shapefile 
with the stops of the routes. Each route has two stops and has a route ID. For each route, 
the tool will select the two stops and solve the shortest path on the waterway network 
between the two stops considering the constraints of the Panama Canal and the Suez 
Canal. The tool then selects the segments of the network that “share a line segment with” 
the solved route. The tool exports a dbf file for each route with the route ID and the IDs 
of segments selected.  

We imported these dbf files into the route segment relationship table in MS Access. We 
then calculated route length based on segment length, and the relationship between routes 
and segments (the length of a route is the sum of the segments that make up the route). 
We compared the length of the same route solved using the two networks with different 
projections and chose the shorter path for the pair of the port for certain ship size.  
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Figure 9. Illustration of the interface of the route solving model. 

3URGXFLQJ� VSDWLDOO\ � UHVROYHG� VKLS� HP LVVLRQV� LQYHQWRULHV�
Emissions for each trip are estimated based on the length of the route, ship speed, ship 
installed power, load profiles of main and auxiliary engines, ane emission factors. 
Emission factors were discussed in our other papers (3). Equation (1) is used to estimate 
emissions for each trip. 

EFSLLFPE ×××= )/(                                                                                        (1) 
 Where, E is the amount of emissions of a certain pollutant from one trip, P is the 
installed power of the ship that made the trip, LF is the load factor of the ship for this trip, 
L is the length of the route, S is the service speed of the ship, and EF is the marine engine 
emission factor of the pollutant. These factors are disscussed in previous papers by Wang, 
et. al. (3, 28). 
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Emissions on each route were calculated by aggregating emissions from all trips on that 
route. Total emissions in each segment were obtained by manipulating the relationship 
between routes and segments using a matrix approach which is disscussed in our other 
papers (3, 28). 

We buffered the segments into polygons based on the width of each segment. We assume 
emissions are distributed uniformly within each polygon. We calculated average 
emissions by area (16 km2 or 4 km by 4 km) for each polygon by dividing the total 
emissions within each polygon. We converted the polygon shapefile into a raster file with 
4 km by 4 km resolution using the average emissions by 16 km2 as the value of the grid 
cells. We noticed that when two polygons overlap, ArcMap picks the value of one 
polygon randomly. We created a raster file for each polygon and produced the final 
inventories by adding the raster files together. Scripts were used to automate the 
conversion and summing of raster files. 

Figure 10. Illustration of the spatially resolved emissions inventory produced using 
STEEM. 
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5 HILQLQJ� : DWHUZ D\ � 1 HWZ RUN� IRU� WKH� 6DQ� ) UDQFLVFR� %D\
Recently we obtained ship Automatic Identification System (AIS)1 data for the San 
Francisco Bay from http://www.boatingsf.com/. To date, we have processed two weeks 
of AIS data that has ship location reports with one minute intervals. More than 600,000 
ship position records were received from about 280 unique marine vessels within two 
weeks in the San Francisco area. In contrast, there are about 1 million records in the 
global ICOADS data set for year 2002. So the AIS data set is much larger than the 
ICOADS data set for smaller scale regions. We understand that the AIS data could depict 
ship lanes better for smaller regions and thus can be used to refine the empirical 
waterway network. Figure 11 illustrates ship traffic pattern in the San Francisco bay 
derived from the two-week AIS data. 

Figure 11. Illustration of ship traffic pattern in the San Francisco bay derived from 
AIS data. 

                                                
1 “An Automatic Identification System (AIS) is used for identifying and monitoring maritime traffic. AIS 
sends and receives vessel identification information… Information such as vessel name, radio call sign, 
navigational status (eg. at anchor, under way using engine), speed, heading, type of ship/cargo, 
destination…”
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) XWXUH� : RUN�
The California Air Resources Board (CARB) currently maintains a GIS-based Ocean-
going Vessel (OGV) emissions inventory which accounts for ship activities in and near 
ports, and out to 100 nautical miles from shore. This inventory incorporates the best 
methodology and data available and represents the state of science in developing a 
regional emissions inventory representing ocean-going vessels. However, more recent 
data sources as well as a wider variety of data sources are becoming available which can 
be used to enhance and improve CARB’s ocean-going vessel inventory. Some of these 
data sources provide minute by minute spatially resolved vessel locations and speed 
information which can be used to generate a truly GIS-based, vessel specific emissions 
inventory. CARB intends to combine STEEM with the current ocean-going vessel and 
new data sources to generate an updated, GIS-based, vessel specific emissions inventory. 

The current OGV emissions inventory can be improved in the following aspects: 
1. building a more complete shipping activities data set for California by 

merging data from California State Lands Commission, Entrances and 
Clearances data from USACE, and data from other sources; 

2. improving near port ship speed and load profiles using AIS data; 
3. improving the estimation of hoteling emissions using port wharfinger data; 
4. refining waterway network for California ports using AIS data (accounting for 

traffic Separation Scheme and ship type if possible);  
5. characterizing diurnal changes of ship traffic using AIS data and port 

wharfinger data if possible; and 
6. accounting for seasonal shift of shipping lanes (see Figure 12). 
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Figure 12. Illustration of seasonal shift of shipping lanes. 
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