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ABSTRACT 
The basic elements of a prototype operational data assimilation modeling system that can provide near real-
time information on the ocean water property and circulation environment in the Gulf of Maine/Georges 
Bank region are described in this paper.  This application of the Harvard Ocean Prediction System (HOPS) 
model includes development of protocols for (1) the production of model initial fields from an objective 
blending of climatological and feature model hydrographic data with fishing-boat-measured bottom 
temperature data; (2) the “warm start” of the model to produce reasonably realistic initial model fields; (3) 
converting real-time Fleet Numerical Meteorological and Oceanographic Center model nowcast and 
forecast winds and/or National Data Buoy Center operational wind measurements to HOPS wind stress 
forcing fields; and (4) the assimilation of satellite-derived sea surface temperature (SST). These protocols 
are shown herein to evolve the initial model fields, which were dominated by climatological data, toward 
more dynamically balanced, realistic fields. Thus the model nowcasts, with the assimilation of one SST 
field, are well-positioned to produce reasonably realistic ocean fields within a few model days – as shown 
in a companion paper.  
 

1. INTRODUCTION  

The initial phases of the development of an Advanced Fisheries Management Information 
System (AFMIS) has centered on the use of the Harvard Ocean Prediction System 
(HOPS) as its circulation modeling core in an operational mode.  In this application, 
HOPS is used to model the physical oceanography of the smaller, higher-resolution Gulf 
of Maine/Georges Bank (GOM/GB) domain, which is nested in the larger, lower-
resolution northwest Atlantic (NWA) domain (Figure 1).  This model structure enables 
the smaller GOM/GB domain to be influenced by the essential Gulf Stream-related 
physics of the larger NWA domain.  The operational potential for AFMIS was 
demonstrated through a real-time demonstration of concept nowcasting and forecasting 
exercise which focused on Georges Bank between mid-April and mid-May 2000 (see 
Robinson et al., 2001).  Weekly real-time nowcasts and forecasts of physical, biological 
and “example” fish abundance fields were produced. A diagnosis of this exercise 
provided important guidance for the next generation operational physical model system 
described here. 
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Figure 1. The Gulf of Maine/Georges Bank model domain nested in the lower-resolution northwest 
Atlantic domain. 
 
In this paper we describe the evolutionary steps in the development of an operational 
AFMIS/HOPS data-assimilation model system that has been used to make prototype 
weekly nowcasts and forecasts of the circulation and property fields in the Gulf of Maine.  
The methodology described was evolved during a 52-week sequence (June 2001-June 
2002) of calculations, with an emphasis on improving accuracy of the temperature fields. 
This model system involves the near-real-time assimilation of satellite-derived sea 
surface temperatures and insitu ocean bottom temperatures from a fleet of New Bedford 
ground fish fishing boats onto a background of climatological temperatures.  
 
In Section 2, the observations used in the data assimilation schemes are described. In 
Section 3, the two data assimilation schemes employed to produce model system 
nowcasts – one at initialization of the model calculation and one while the model is 
running – are described. A discussion and summary of the results are presented In 
Section 4.  
 
2. OBSERVATIONS 
Many different types of observational data sets are used for initialization and updating 
(i.e., assimilation) of the AFMIS/HOPS nowcast/forecast system, including historical and 
real-time data from both insitu and satellite measurements. For example, a very high-
resolution Gulf of Maine hydrographic climatology has been developed to serve as a 
framework into which available real-time data can be integrated to produce model 
initialization fields.  Anticipating the ultimate need for real-time high-resolution fisheries 
data, we are acquiring near-real-time observations of bottom temperature from an 
industry-partnered ground fish trawler survey program.  
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2.1. AVHRR-Derived Sea Surface Temperatures 
 
Satellite-derived sea surface temperatures (SST) are assimilated into the model at 
initialization as well as during ongoing model runs.  Each of these SST fields is an 
average of several AVHRR images from the operational NOAA-15 and NOAA-16 polar 
orbiting satellites (e.g., Figure 2) to maximize spatial coverage and minimize the bias 
from diurnal warming (Cornillon and Stramma, 1985; Cornillon et al., 1993).  Each of the 
large-scale AVHRR images is subsampled for the model domains region, geo-located, 
and corrected for satellite timing and attitude errors. Then the cloud-contamination in 
each of the 5km x 5km pixels is removed, according to the methods of Cornillon et al. 
(1987) and Cayula and Cornillon (1992).  The declouded images from several days are 
averaged on a pixel-by-pixel basis and the SST standard deviation field computed. The 
latter is used to estimate the space-dependent statistical uncertainty of the mean SST field 
according to methods described in Appendix A (see Figure 2).    

 

Figure 2. (left) The average 21-25 June 2001 AVHRR SST field with (right) the associated statistical 
uncertainty field, or the non-dimensional error (see text) for the Gulf of Maine model domain. 
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2.2 Climatological Hydrography 
A monthly climatology of temperatures and salinities for the 1970-1990 Gulf of Maine 
and Georges Bank was developed from the comprehensive set of hydrographic profiles 
that have been assembled by the Canadian Marine Environmental Data Service (MEDS) 
and Bedford Institute of Oceanography (BIO).  The BIO/MEDS temperatures and 
salinities were averaged vertically in four separate layers – defined by the sea surface, 
sigma theta surfaces of 25.2, 26.2, 26.8, and the local bottom – in each of the cells on two 
grids; one with 7km and the other with 30km resolution (see Figure 3).  The selected 
density surfaces approximately define the four principal water masses in the Gulf of 
Maine (see Figure 4), namely, Maine Surface Water (MSW), Maine Intermediate Water 
(MIW), Maine Bottom Water (MBW), and Atlantic Slope Water (ASW; also see Brown 
and Irish, 1993).  The use of the 7km and 30km climatologies for model initialization is 
described below. 
 

 
Figure 3.   The small red dots define the high resolution (7km) grid of the 1970-90 climatological 
hydrography (see text). The larger red dots define GOM feature model hydrographic profile array (see 
text).  The box in Georges Basin locates the January example presented in Figure 4. 
 
2.3. Trawl Survey Bottom Temperature Observations  
Between November 2000 and October 2001, a partnership of the New Bedford area 
Trawler Survival Fund (TSF) and SMAST conducted a high-resolution survey of fish and 
ocean environment. In addition to a trawl-by-trawl logging of fisheries data, bottom 
temperature time series were recorded during the 3434 fishing trawls made by fishermen 
on 19 TSF ground fish vessels (Figure 5).  To measure bottom temperatures during 
fishing, Onset, Inc., Tidbit® temperature data loggers (about the size of large buttons) 
were attached to the fishing gear before each trip.  The Tidbit loggers recorded 
temperature time series at 1-minute intervals with a resolution of 0.14°C throughout the 
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trip.  After the trip, the segments of the temperature record pertaining to each of the 
trawls were extracted and averaged to 6-minute intervals. These 6-minute bottom 
temperatures were then averaged into 10m depth bins before assimilation into the model.   

   
 
Figure 4. The January climatological water properties at the Georges Basin site located in Figure 3.  (left) 
The salinity (red) and temperature (blue) profiles are defined by density layer-averaged values at standard 
depths (o). (right)  The corresponding potential temperature-salinity diagram shows the Gulf of Maine 
water mass definitions (boxes; Brown and Irish, 1993) and the sigma-theta surfaces defining the density 
layers in which the data were averaged. The crosses (+) denote the water properties bracketing of the four 
water masses, and the asterisks (*) indicate the bottom water T/S properties. (Note: The bottom water T/S 
values are extended downward to the standard depths that are greater than the water depth.) 
  
  

   
Figure 5. (left) Locations (red crosses), relative to the bathymetry and the fishing closure areas, of the 3434 
bottom hauls made by the New Bedford groundfish trawlers between November 2000 and July 2001.  
(right)  The location of the trawl fishing fleet-derived bottom temperatures (red dots) for 21 May through 
24 June 2001 that were used in the initialization of 25 June model nowcast calculations. 
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3. MODEL NOWCASTS 
The HOPS data-assimilation circulation model provides 4-D hindcasts, nowcasts and 
forecasts of water property and velocity fields.  This section describes this application of 
HOPS for producing nowcasts. 
 
3.1. Physical Circulation Model 
 
HOPS is a flexible, portable and generic system for interdisciplinary nowcasting, 
forecasting and simulations.  The heart of the system is a primitive equation (PE) 
physical dynamical model that is applicable to model domains ranging in depth from 10 
to several thousand meters.  The modularity of HOPS facilitates the formation of efficient 
configurations of various model modules for specific applications.  As with any 
operational system, the usefulness of the HOPS information can be maintained by the 
near-real-time assimilation of available data, including satellite sea surface temperature 
(SST), color, and height.  HOPS  employs a variety of data-assimilation methods, 
including a robust (sub-optimal) optimal interpolation (OI) scheme (Lozano et al., 1996) 
and a quasi-optimal scheme, error subspace statistical estimation (Lermusiaux, 2001).  
The HOPS circulation model employed here basically simulates the non-tidal dynamics 
of the Northwest Atlantic (NWA) and Gulf of Maine/Georges Bank (GOM/GB) model 
domains (Figure 1), subjected to parameterized mixing due to tides (Robinson et al., 
2001) and forced by surface wind stresses. The vertical structure of the models in both 
domains is resolved by 16 levels that are distributed according to a topography-following 
“double sigma” transformation described by Lozano et al. (1996) and Sloan (1996). The 
double sigma system consists of two separate piecewise linear transformations: one from 
the surface to an intermediate depth hc(x,y), and the other from hc to the bottom.  For a 
suitably chosen hc, this transfomation produces relatively flat levels above hc in both the 
shelf and deep ocean domains.  The horizontal structure of both model domains consists 
of 131x83x16 grids with 15km resolution for the NWA and 5km resolution for the GOM.  
The time step for both model runs was chosen as 225 s. 
 
3.2. Data Assimilation via Initialization 
Data assimilation via initialization is a two-stage objective-analysis (OA) process that 
Carter and Robinson (1987) derived from the optimal interpolation (OI) protocols of 
Gandin (1965) and Bretherton et al. (1976).  (OA acts as an interpolator and smoother of 
observational data, subject to specified correlation time and space scales). In the first 
stage, a background climatological hydrography is produced by objectively analyzing the 
temperature/salinity data using large correlation time (T~1000 days) and length (S ~180 
km) scales.  This “background OA field” is used as the mean field for the second stage 
OA, which employs synoptic correlation scales of T~7 days and S~60 km.  
 
The model prognostic variables – i.e., water properties and velocities - must be specified 
at each model grid point (i.e., initialized) at the beginning of each run. Producing realistic 
model initial fields for operational nowcasting and forecasting can be a problem because 
of the relative scarcity of ocean observations.  To address the problem, we combine 
available water property observations with the Feature-Oriented Regional Modeling 
Scheme (FORMS) in a context of water property climatologies.  
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The FORMS methodology involves first the use of literature to define the basic water 
property and flow structures of a region in terms of a suite of parameters; and then for a 
particular model initialization realization, estimating the parameter values from available 
data. The FORMS methodology – originally developed by Gangopadhyay et al. (1997) 
and Robinson and Gangopadhyay (1997) for the operational modeling of the Gulf Stream 
system - is used here for the NWA domain calculations. The FORMS-derived circulation 
structures for the Gulf of Maine/Georges Bank (Gangopadhyay and Robinson, 2002; 
Gangopadhyay et al., 2003) consist of the (1) deep inflow through the Northeast Channel; 
(2) buoyancy-driven Maine Coastal Current; (3) Georges Bank anti-cyclonic frontal 
circulation system; (4) basin-scale cyclonic gyres in Jordan, Georges and Wilkinson 
Basins; and (5) shallow outflow via the Great South Channel (Brooks, 1985; Pettigrew et 
al., 1998). The latter are defined in terms of an array of strategic hydrographic sections 
(see Figure 3). Ideally, contemporary hydrographic measurements at or near the 270 
FORMS GOM/GB hydrographic stations would be used to initialize the actual location 
and intensity of the circulation features.  In lieu of the rarely available measurements, 
high-resolution (7km) monthly climatological hydrography is used.  
  
We use both of these FORMS applications in order to account for the influence of the 
Gulf Stream and its (warm core) rings on the shelf/slope front that separates the shallower 
GOM/GB waters from the deeper slope waters (e.g., see Figure 2).  These circulation 
elements are treated explicitly in the AFMIS/HOPS model system. 
 

 

Figure 6. A flow diagram of the circulation model initialization protocol, starting with the analysis of 
satellite SST (see text for acronym definitions). 
 
The model initialization procedure used here involves seven basic steps (see the Figure 6 
flow diagram): 
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(1) Analyze satellite infrared imagery in terms of the Gulf Stream, the Gulf Stream rings 
and the shelf/slope front to produce a Gulf Stream Ring and Front Analysis;  
(2) Generate temperature and salinity (TS) fields for the NWA domain using the 
appropriate feature models;  
(3) Generate TS fields for the shallow GOM/GB domain using the appropriate feature 
model, climatological hydrography, and available observations;  
(4) Interpolate the lower-resolution NWA TS fields onto the higher-resolution GOM/GB 
domain grid;  
(5)  Meld the interpolated higher-resolution slope region field (Step 4) with the GOM/GB 
TS fields (on the shelf) from Step 3 across the shelf/slope front;  
(6) Adjust the melded GOM/GB dynamic height fields to bottom topography; and  
(7) Generate the equivalent barotropic stream function for the numerical dynamical 
model.  
 
The following details these basic steps. 
Step 1:  Analyze satellite infrared imagery in terms of the Gulf Stream, the Gulf Stream 
rings and the shelf/slope front to produce a Gulf Stream Ring and Front Analysis.   
A Gulf Stream Ring and Front Analysis (GSRFA) is used to locate the important large-
scale circulation features from an average composite of satellite AVHRR images from the 
seven days preceding the start of the model run.  (To increase the precision of the 
process, the ring locations are generally located in the individual images).  The weekly 
GSRFA example for 30 July 2001 (Figure 7) locates the important features, including the 
Gulf Stream north wall, five warm-core rings landward of the GS, five cold-core rings 
seaward of the GS, and the outline of the shelf-slope front landward of the GS.  

 

Figure 7.  The Gulf Stream Ring and Front Analysis (GSRFA) of the 25 June 2001 satellite AVHRR 
image. The  HOPS model domains for the northwest Atlantic (NWA), Gulf of Maine (GOM), and Georges 
Bank (GB) are indicated.  Note that although this temperature scale differs from that in Figure 2, the warm 
Gulf Stream feature is clear. 
 
Step 2: Generate temperature and salinity (TS) fields for the NWA domain using the 
appropriate feature models.  
The GSRFA information, Gulf Stream and GS ring feature models, and the Levitus-based 
climatological interior hydrographic fields are used to initialize the 15km resolution 
NWA feature model (FM) run. The NWA-FM dynamic height results (see Figure 8) 
have been adjusted to the bathymetry of the continental slope assuming a level of no 
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motion of 1900 m.  The NWA-FM fields are used to initialize the NWA HOPS PE model 
run.  

 
Figure 8. The NWA domain feature model surface temperature field for 25 June 2001.  Note the similarity 
of the ring and frontal features to those seen in the GSRFA in Figure 7. 
 
Step 3: Generate TS fields for the shallow GOM/GB domain using the appropriate 
feature model, climatological hydrography, and available observations.  
The FORMS and the water mass-based climatological hydrography for the GOM/GB 
region are combined.  To obtain the initialization for the day of interest, we linearly 
interpolate between the two monthly sets of climatological hydrographic profiles that 
bracket the day of interest.  A two-scale objective analysis (OA; Lermusiaux, 2001) is 
then performed using the FORMS profiles, 30km resolution hydrographic climatology, 
and available observations.  During the first phase of the two-stage OA, the 30km 
hydrographic climatology is interpolated onto the 5km model grid, using the large-scale 
spatial decorrelation scale.  In the second stage, the FORMS profiles are objectively 
mapped on the same model grid, now using the first-stage OA map as the background 
mean state.  This procedure, while assuming that the errors in the climatology (first-
stage) are independent of the errors in the synoptic (second-stage) fields, provides an 
effective melding of mesoscale and sub-mesoscale features (via FORMS and 
observational profiles) with the regional climatology. 
The problem with the above initial water property fields is that they are based only on the 
highly smoothed climatological temperature and salinity fields and FORMS. To bring 
some contemporary realism to the initial temperature field, we used some bottom 
temperatures measured by the New Bedford commercial trawler fishing fleet – the only 
insitu ocean observations available to us. Anticipating future fish modeling, the objective 
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here was to produce an initial field that was more realistic than climatology in the region 
where the fish were found.   
Because there were very few measurements on any particular day, the measurements 
made between 11 May and 24 June 2001 (see Figure 5) were aggregated for this 
example. The underlying assumptions here are that (1) there were enough measurements 
to average out the known tidal variability and (2) the 1- to 2-month temporal changes in 
the temperatures at the 50m to 150m depths of the trawl measurements were negligible. 
These bottom temperature measurements were combined with the FORMS and 
background climatological temperatures to produce the 25 June 2001 model temperature 
initialization field. The order 1oC impact of the fleet-derived bottom temperatures on the 
initial temperature field is highlighted in Figure 9 by removing the background 
climatological field.    

  
Figure 9  (left) The departure from climatology, due to the trawl-derived bottom temperature 
measurements, of the 25 June 2001 initial field temperatures (oC) at 50 m.  Departure temperatures with 
OA errors > 65% were omitted (see text).  Georges Bank is in black.  (right) The vertical section of 
temperature departures across Georges Bank, showing how the trawl measurements have warmed the 
flanks of Georges Bank about 1°C relative to climatology at depths of about 50 m.   
 

Step 4: Interpolate the lower-resolution NWA TS fields onto the higher-resolution 
GOM/GB domain grid;  
 
The 15km NWA FORMS temperature and salinity fields are mapped onto the 5km 
GOM/GB domain grid and then vertically interpolated onto the terrain-following, double-
sigma coordinate system used by the models.  Dynamically, this step transfers the deep 
slope water signature of the Gulf Stream meander and warm core rings into the GOM/GB 
circulation domain.   
 
 
Step 5: Meld the NWA TS fields with the corresponding GOM/GB TS fields across the 
shelf/slope front.  
 
Specifically, we meld (i.e., mechanically join) the NWA domain TS fields seaward of the 
observed shelf/slope front (on a 5km grid) with the GOM/GB 5km TS fields that are 
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landward of the front, according to a set of prescribed frontal structure, width and depth 
parameters.  
 
Step 6: Adjust the dynamic height fields of the melded 5km-resolution GOM/GB domain 
TS fields to the local bathymetry.  
 
The shallow and the deep sub-regions (shoreward and slopeward, respectively, of the 
SSF) within the GOM modeling domain have different levels of no motion. The resulting 
incompatibility in the corresponding T-S fields is resolved by the following four-step 
process.  First (1) the geostrophic surface velocity (u,v) is computed in both shelf and 
deep domains; (2) the two surface (u,v) fields are melded; (3) the corresponding surface 
dynamic height field is obtained by solving the Poisson equation; and (4) the subsurface 
dynamic height field is obtained by integrating the density anomaly associated with the 
melded T-S fields from the surface downward. Any non-zero bottom velocity results after 
(4) are further compensated by the barotropic streamfunction computation in Step 7. 
 
Step 7: Generate the initial barotropic streamfunction field for the GOM/GB domain.  
 
The baroclinic geostrophic velocity field, which is computed from the adjusted GOM/GB 
domain dynamic height field, is then interpolated onto the terrain-following model levels.  
Then the baroclinic geostrophic velocity field is vertically integrated to determine the 
barotropic geostrophic velocity and vorticity fields.  The transport streamfunction for the 
GOM/GB domain is obtained by solving the Poisson equation for the conservation of the 
barotropic vorticity, subject to the Dirichlet boundary conditions (i.e., an integral of the 
barotropic velocity normal to the model domain boundary, subject to the constraint of no 
net transport through the boundaries).  A transport streamfunction field derived in this 
way can be used in tandem with the corresponding TS fields to initialize (or "update") 
primitive equation model simulations.  
 
The melded and unadjusted surface and bottom initial temperature field for the 25 June 
2001 model nowcast (Figure 10 lower) clearly reveals a shelf/slope front, the warm 
signature of the Georges Bank north flank jet, cold band of water caused by tidal mixing 
along the Maine coast, and the early summer near surface warm water in the central Gulf 
over the basins. The across-Gulf section of the initial temperature field in Figure 10 
reveals the distributions of the different water masses of the region, including (1) the very 
warm (deep red) upper Slope Water, (2) the distinct pools of warm summer surface 
waters (red) on Georges Bank and in the Gulf of Maine (GOM), (3) the colder 
(green/blue) Maine Intermediate Water (MIW) and (4) a hint of the somewhat warmer 
Maine Bottom Water (MBW). In this climatology-dominated picture, there is evidence of 
the cold MIW on the southern flank of Georges Bank.  
 
3.3 Warm Starts and Nowcasting Circulation and Water Property Fields 
The model nowcast run for 25 June 2001 was initialized with the temperature (and 
corresponding salinity) fields described above. However, all initial fields constructed 
from data are dynamically unbalanced.  To reduce the dynamical imbalance in the fields, 
the model was given a “warm start” (see Robinson and Golnaraghi, 1993; Glenn and 
Robinson, 1995) by running the model for two model days, starting at model day –2 (or 
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MD –2) relative to the nowcast model day MD 0.  (In our terminology, a “cold model 
start” consists of homogeneous water properties and all zero velocity initial fields).  The 
two-phase warm start (Figure 11) enables the model dynamics to evolve the observation-
derived initial field closer to a dynamically balanced model nowcast. 

 

 
Figure 10. The model temperature initialization field for 25 June 2001 (YD 176): (upper left) surface 
(based on the Generalized Data Environmental Model or GDEM June climatological hydrography); (upper 
right) bottom temperature (including trawl survey bottom temperatures BT). (lower) The southeast-to-
northwest transect of the initial temperature field based on the Levitus northwest Atlantic and the GDEM 
hydrographic climatologies. 
 
 

During the first model day (MD –2), the observation-derived initial fields were 
baroclinically adjusted by running the model without wind forcing.  This step involves 
adjusting the level of no motion so that the baroclinic circulation is consistent with the 
initial barotropic transport.  This step also adjusts the model fields to any incompatibility 
between feature model profiles and climatology. Note how the MD –2 baroclinic 
adjustment of the initial field (Figure 10) results in the development of some small-scale 
features along the shelf/slope front and around the edge of the warm regions over the 
basins in the Gulf.  The latter is highlighted in the MD –2 temperature difference map in 
the lower left panel of Figure 12. 
  
 
During the second model day (MD –1), the model initial fields are barotropically-
adjusted by imposing a linearly increasing wind stress. The ramping of the wind stress 
field from zero to its full initial value during MD –1 allows the temperature and velocity 
fields to gradually adjust to the initial wind stress forcing field with minimum shock.  
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Note that during the second day, the model fields are also continually adjusted by the 
internal baroclinic dynamics.  

 

 

 

 

 

 

 

 

 

Figure 11. A schematic of the model initialization and adjustment processes leading up to the model day 0 
(MD 0) nowcast. 
 
The model wind stress forcing fields are obtained by applying bulk formulae (Large and 
Pond, 1981) to hindcast, nowcast and forecast winds from the Fleet Numerical 
Meteorological and Oceanographic Center (FNMOC) atmospheric model called 
NOGAPS4.0 (Bayler and Lewit, 1992; Rosmond, 1992).  The surface wind stress forcing 
for the 25 June 2001 nowcast (i.e., MD 0) is shown in Figure 14. 
 
When the real-time nowcast and forecast FNMOC winds are not available, the nowcast 
wind field is estimated with an optimal interpolation of the real-time National Data Buoy 
Center (NDBC) buoy and National Weather Service C-Man winds.  An OI scheme based 
on that developed by Mooers et al. (1976) is used to estimate winds at the model grid 
points using wind observations at seven NDBC stations (see Appendix B for details).   
 
During the MD –1 adjustment, the finer-scale features of the temperature frontal 
boundaries (Figure 12, right panels) continue to develop. The latter are emphasized in 
the temperature difference fields shown in the lower right panel in Figure 12. The initial 
field (see Figure 10) evolution during the warm start is further highlighted through 
comparison with the temperature field transects in Figure 13a. The largest adjustments 
occur throughout the water column in the frontal regions (see Figure 13b). Also evident 
is the homogenization of the water atop Georges bank – presumably due to the effect of 
the parameterized tidal mixing in HOPS. 
 
From June through December 2001, the model was run from the nowcast forward in the 
forecast mode (without SST assimilation) for 6 days. However, without SST assimilation, 
these forecasts were generally unrealistic because surface warming (or cooling) was 
relatively strong much of the time. Starting in January 2002, we began assimilating SST 
as described in the next section. 
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        2400 UTC MD -2          2400 UTC MD -1 

 
 
 
Figure 12. The model initial surface temperature field for 25 June 2001 (top left) after the MD –2 
baroclinic adjustment (see text) is compared to the (top right) nowcast field after the MD –1 barotropic 
adjustment.  The temperature scale was chosen to emphasize the features in the Gulf.  Temperature 
difference fields: (below left) 2400 UTC MD –2 minus 0000 UTC MD –2; (below right) 2400 UTC MD –
1 minus 2400 UTC MD –2.  
 
 

   2400 UTC MD -2    2400 UTC MD -1 
Figure 13a.  Transect of the 25 June Gulf of Maine model temperature fields after (left) MD –2 of the 
warm start; (right) MD –1 of the warm start – the nowcast (see text). 
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Figure 13b.  Transect of the 25 June Gulf of Maine model difference temperature fields: (below left) 
effects of baroclinic adjustment 2400 UTC MD –2 minus 0000 UTC MD –2, and (below right) effects of 
barotropic adjustment 2400 UTC MD –1 minus 2400 UTC MD –2.  
 
3.4. Data Assimilation via Updating: SST 
Once the revised HOPS protocols were tested, the regularly available sequence of SST 
images enabled us to assimilate data into the model run “on the fly.”  At this juncture, the 
model calculation was shifted from Monday (MD 0) to Thursday (MD 3). The mean SST 
field centered on Tuesday was assimilated into an ongoing model run to update the 
surface temperature field over a period of seven days (see Figure 15). On Thursday, the 
full model run was begun using the same MD 0 initial fields and the warm start described 
in the previous section. The model hindcast calculations proceeded with 3 model days 
(Monday through Wednesday), a 1200 UT MD 3 (Thursday) “nowcast,” followed by a 6 
model day series of forecasts.  
 

 

Figure 14. (left)  Example of an FNMOC-derived wind stress field used to force the Gulf of Maine model 
for 1200 UT 25 June 2001.  (right)  Example of an NDBC-derived wind stress field for the Gulf of Maine 
for 1200 UT 25 June 2001.  The hourly wind stress at the 7 NDBC stations is shown (red arrows). 
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Figure 15. Distribution of the nominal daily weights used in the assimilation of the average SST fields into an 
ongoing model calculation relative to the Monday MD 0 dynamically balanced “nowcast.”  
    
The "data fusion" methodology used to insert the satellite-derived SST into the model 
consisted of a sequence of weighted versions of the average SST field, each followed by 
a dynamical adjustment of one model day.  More generally, the linear estimate of a 
variable ϕ (e.g., SST) is given in terms of the model forecast ϕf and observation ϕo 
according to 

ϕa = w ϕo + (1-w) ϕf , 
where w is a weighting factor such that ϕa minimizes the expected error variance if 

w = (ef 2 – µ ef eo)/(eo
2 + ef 

2 – 2 µ ef eo) , 
where µ is the cross-correlation and ef and eo are forecast and observational normalized 
error variances.  (See Lozano et al. (1996) for further mathematical details.) 
This process is demonstrated using a mid-January example, when we had FNMOC 
winds. In this case, the gridded SST field ϕo for 15 January 2001 (see Figure 16) was 
gradually integrated (employing the associated SST error eo field) with the model field ϕf 
through a sequence of weighted updates.  Daily weighted versions of the average 14-16 
January 2002 SST field were assimilated starting on 14 January (MD 0) with 20% weight 
(Figure 15), peaking at 80% on 17 January (MD 3) and decreasing to 20% on 20 January 
(MD 6).   
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Figure 16. (left) The average 14-16 January 2002 SST; (right) with error fields.   
 
 The pair of model hindcast surface temperature maps in Figure 17a shows how the 
assimilation of the relative warmth of the 13 January average SST field adjusts the model 
ocean surface temperature (relative to climatology) within 3 model days. The SST 
assimilation and model dynamics also combine to produce the more realistic (relative to 
climatology) fine-scale structures on the temperature front south of the bank.  The 
temperature transects (Figure 17b) show the relation of surface features to those at depth. 
Note how the assimilation scheme (1) causes the upper layer to warm to a depth of 15 to 
20 m and (2) realistically narrows the broad climatological cold band along the eastern 
Maine coast. (See Appendix C for the details of the SST assimilation procedure, with 
particular attention to SST error field effects.)  
 
This data-assimilation methodology is an essential component of the AFMIS/HOPS 
operational modeling strategy.  In the companion paper, we describe the application of 
that strategy in terms of two biweekly calculations–one during the relatively well-mixed 
“winter” conditions of March 2002 and the other during the more stratified summer 
conditions of August 2002.  
 
4. Discussion and Summary  
The present operational protocols result from a multi-year development and systematic 
evaluation of the accuracy of the three principal elements of a typical forecasting system.  
We have shown how a two-stage objective analysis of climatological hydrography, 
FORMS hydrography and fishing-boat-derived bottom temperature data is used to 
assimilate data at initialization (see Section 3.2).  
We have described how these data-derived initial fields are adjusted rapidly to a robust 
nowcast field at MD 0 by a “warm start” protocol that has baroclinic (MD –2) and 
barotropic (MD –1) components (see Section 3.3). The barotropic warm start component 
employs the ramp-up to the MD 0 wind stress forcing field. 
We have described a wind stress forcing protocol that employs the general use of 
FNMOC operational hindcast, nowcast and forecast winds and a “last-resort” use of 
regional NDBC measured winds.  In that presentation we have shown that (1) the 
FNMOC, while providing model domain scale winds, is too smooth for a coastal region 
where 10-100km structures are known to be important and (2) NDBC nowcast winds, 
while better at resolving the smaller-scale coastal winds, do not actually represent the 
very important remote winds over the Scotian shelf region to the east. This situation 
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suggests that future tasks include (1) using domain-encompassing, high-resolution model 
winds and (2) developing a protocol that composites the two wind information sources.  
The other important improvement is to add heat/mass fluxes to the array of surface model 
ocean forcing.  
 
We have described the use of modified versions of the HOPS protocols for the effective 
assimilation of satellite-derived sea surface temperature (SST) in terms of a 3-day (14-16 
January 2002) example (see Section 3.4). The sensitivities to SST assimilation in the 
operational mode and predictive skill evaluations are presented in the Brown et al. (2005) 
Part 2 of this study.   
 

 

 
Figure 17a.  (left) Hindcast temperature field on MD 1 (0000 UT 15 January 2002).  (right) Nowcast temperature field 
on MD 3 (0000 UT 17 January 2002).  Note that the variable choice of temperature scales better highlights the 
GOM/GB region above and the Gulf Stream below.  
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Figure 17b. Transect of the 15 January 2002 Gulf of Maine model temperature field (left) after MD 1;  
(right) after MD 3.   
 

 

6.  APPENDICES 
Appendix A: SST Uncertainty Field 
We seek to estimate the variance of an array of SST pixels, each with a mean xi, variance 
σi, and number of observations ni , where l < i < l. 
The mean temperature for the l-grid matrix xm is 
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where xi is the mean temperature, and ni is the given number of observations for the ith 
grid.  
The variance σm for the l-grid matrix is 
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where xij is the unknown observed temperature in the ith grid. 
From equation (A2) we can obtain 
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Term C of Eq(A2) is simply ∑
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From the definition of σi, we can get 
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The last term on the right-hand side of Eq(A4) is 2nixi
2.  Substituting this term into (A4) 

yields 
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Summing equation (A5) over the entire l-grid array yields 
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where the left-hand term is given (ni and σi are given values from SST analysis) and the 
last term on the right-hand side is given (ni and xi are given values from SST analysis). 
Equation (A6) is equivalent to the right-hand term A of Eq(A3).  Substitution of Eq(A6) 
into Eq(A3) gives us the variance of the l-grid matrix, 
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Appendix B: Wind Field Hindcast Algorithm  
The Mooers et al. (1976) hindcasting scheme employed here uses the wind observations 
at a few stations and spatial statistical properties of the observed wind field to determine 
winds at many other places (i.e., everywhere).  The formalism is based on an:  
 
• Input fi(t): wind component time series at an observation point (i = 1,2 … NO, where 
NO is the number of observation stations); 
 
• Output gj(t): wind component time series at a nowcast point (j = 1,2 … NH, where 
NH is the number of hindcast points).  
 
General linear estimation allows us to expand the jth nowcast series gj(t) in terms of a 
weighted sum of observed series fi(t).  In general, the relative contributions of the fi(t)s to 
gj(t) differ with respect to the characteristics of the wind field under consideration 
according to 
 

∑
=

=
NO

i
iijj tfWtg

1
)()(     ,                        (B1) 

 
where Wij is the weight relating the time series at the jth nowcast point to the ith observed 
time series.  In fact, we applied a spatial version of the Mooers et al. (1976) nowcast 
algorithm without considering time-lag information.  
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To determine the weight function, a least squares fitting procedure is used to relate the 
weights to the cross-covariance (correlation) properties of the wind component fields 
under consideration according to  

   ∑
=

=
NO

k
kikjji RWR

1

^

     ,                             (B2) 

where Rki is the cross-correlation function between Fk and Fi at two observation points, 

and jiR
^

 is the estimate of the cross-correlation function between the jth hindcast point 
and the ith observation point.  Equation (B2) can be written in matrix form for the jth 
hindcast site according to   

          jj WRR ][
^

=                              (B3) 

where jR
^

 and Wj are NO by 1-column vectors and [R] is an NO-by-NO square matrix. 
The element Rki in [R] is the observation-only cross-correlation and can be computed 
directly for each observation pair (i,k  = 1,2 … NO) with zero time lag, which will be 
used later to estimate the Rki, corresponding to Eq(B2).  Before we can determine the 
weights, the Rj must be estimated in some manner.         
 
For this case study, we have assumed that the wind-component fields in the Gulf of 
Maine are spatially isotropic.  Specifically, this assumption means that the spatial 
correlation characteristics of the wind component field (described by Rki) depends only 
on the separation distance Ski = Sk - Si between the observation stations, where Sk and Si 
are the position vectors of the stations k and i.   
 
The isotropic spatial cross-correlation functions for the Gulf of Maine for spring (April-
June) and summer (July-September) indicate that the spatial correlation length scales for 
the east-west winds in spring are 400 km (at rki = 0.50) versus 250 km in summer.  The 
spatial correlation length scale for north-south winds are about 300 km in both seasons.   
  

The spatial correlation functions jiR
^

 were estimated using the exponential fit with the 
appropriate Sji = Sj - Si between any hindcast point j and each observation point i.  Finally, 
the weights were estimated by inverting Eq(B2) for each hindcast point j, and then the 
hindcast series Gj(t) computed using Eq(B1).  
 
The 25 June 2001 FNMOC- and NDBC-derived wind stresses (see Figure 14) are 
generally similar in depicting northeastward winds in the interior of the Gulf where the 
measurements were made. However, the FNMOC and NDBC wind protocols have their 
own advantages and disadvantages.  For example, because of its relatively crude 100km 
spatial resolution, the FNMOC wind field does not resolve the higher intensity, smaller-
scale coastal wind structures seen to the northwest near the coast in the NDBC analysis.  
Conversely, the limited spatial coverage of the NDBC winds means that it does a 
relatively poorer job of resolving winds to the northeast and offshore in the GOM/GB 
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model domain.  Of course the NDBC wind protocol cannot provide forecast winds, 
except by assuming persistence. 
 
Appendix C: SST-Assimilation Mechanics 
The mechanics of the SST assimilation process are illustrated in terms of the mean of 
AVHRR-derived SST images of the Gulf of Maine domain for 14-16 January 2002 
(Figure 16 in main text).  This SST image was assimilated into the HOPS primitive 
equation (PE) model run over a 7-day period centered on 17 January 2002 (YD 17).  The 
rms uncertainty (i.e., “error”) in the mean SST (Figure 16) is computed on a pixel-by-
pixel basis as described in Appendix A.  The SST error fields and calculated wind-driven 
Ekman layer (Figure C.1) are combined with the nominal weights to compute the 
effective weights by which SST is inserted into the mixed layer of the ongoing model 
calculation (Figures C.2 and C.3).  The nominal daily weights shown in Fig. 17b were 
selected by Lozano et al. (1996) for typical HOPS modeling.  The vertical projection of 
SST through the mixed layer during assimilation is further weighted by an attenuation 
factor representing regional optical characteristics (Lozano et al., 1996).  
 

 

 
Figure C.1. (left) The 0000 UTC 14 January 2002 (YD 14). (right) The NDBC-derived windstress 
calculated Ekman wind-driven depth for the assimilation of the mean AVHRR SST into the Gulf of Maine 
domain model run.  
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Figure C.2. The HOPS PE model relationship linking the effective SST data-assimilation weights and SST 
normalized observation errors. 

 
Figure C.3. The cubic spline interpolation used to extend surface OA SST errors downward in the water column to the 
different AFMIS/HOPS model sigma levels. 
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