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LONG-TERM GOALS 
 
Fresh water inputs such as rivers and ice melt are poorly represented in global HYCOM since many of 
the processes associated with river plume dynamics and ice melt are unresolved. The main scientific 
and technical objective of the proposed work is to implement river mass flux and temperature flux 
boundary conditions, as well as two-way nesting to improve the representation of large river plumes 
and Arctic Ocean ice melt water runoff (land ice and glacier) in global HYCOM and to improve the 
predictability in coastal regions, the Arctic Ocean, and the Atlantic Ocean. To assess the fidelity of the 
inner nests and boundary conditions, we will compare our simulations to all available observations. 
Emphasis will be placed on the fresh water plume dynamics and offshore circulation dynamics, as well 
as how the rivers impact the seasonal ice melt. We anticipate that the more accurate treatment of the 
river inflow and embedded two-way nested higher resolution local models will translate into improved 
river plume dynamics.  
 
OBJECTIVES 
 
The overall goal of this work is to investigate the fate and pathways of fresh water in the pan-Arctic 
system in order to assess the role of fresh water in the current changes of the Arctic ocean–sea ice 
system. The technical objective of the proposed work is to implement two-way nesting in HYCOM 
that will improve the representation of the large river plumes and ice melt water runoff (land ice and 
glacier) in coastal areas of the global and Arctic Cap HYCOM in order to advance the predictability in 
coastal regions, the Arctic Ocean, and the sub-Arctic seas.  
 
The specific objectives are to: 

 Evaluate the performance of the GOFS and Arctic Cap using available hydrographic and 
sea ice observations in terms of ocean basin-scale circulation, distribution of major water 
masses with particular focus on the Beaufort Gyre, and characteristics of sea ice on the 
shelf and interior basin. 

 Implement river mass flux and temperature flux boundary conditions to HYCOM. 
 Develop and evaluate a two-way HYCOM-HYCOM nesting. 
 Implement coupled CICE in nested HYCOM system. 
 Parameterize land-fast ice in HYCOM. 
 Apply two-way nested modeling systems to: 
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- investigate and improve the fate and pathways of river and meltwater runoff on the 
Arctic shelves, coastal region, Arctic Ocean, and sub-Arctic seas;  

- quantify the impact of fresh water on thermohaline processes on the Arctic shelves such 
as convection and water mass formation, heat exchange between deep and upper ocean 
layers, sea ice formation and melting;  

- assess the impact of fresh water input on the Arctic Ocean mixed layer (depth, 
thermohaline characteristics, water column stability). 

- evaluate sea ice formation and melting processes on the shelf under different fresh 
water content conditions.  

- analyze the fresh water plume dynamics in the two-way nested models and compare it 
to the current GOFS HYCOM; and 

- explore parameterizations of the fresh water dynamics and mixing implicitly resolved 
by the high-resolution shelf nests for the coarser global model to improve simulation 
and predictability of the shelf processes. 

 Evaluate the benefit of using a nested super-high resolution (<500 m) model of the Arctic 
shelf seas with the unstructured-grid Finite-Volume Community Ocean Model (FVCOM) 
instead of a HYCOM-HYCOM nest.  

 Incorporate HYCOM (replacing NCOM) in the COAMPS Arctic System. 
 

The above objectives are to be realized in partnership with the Naval Reserach Laboratory (see 
separate report by P. Hogan) 
 
APPROACH 
 
Simulation of the hydrodynamic processes on the Arctic shelves is challenging due to a number of 
factors. Among these are: coastal line with a complex geometry, presence of land-fast ice, seasonal ice 
cover, formation of polynyas and formation of water masses. Estimates of the baroclinic deformation 
(Rossby) radii have small (<1 km) values over most of the Arctic shelves. In order to adequately 
describe boundary currents, river plumes, and the eddy field, a model horizontal resolution should be at 
least two grid points per Rossby radius of deformation. The proposed approach will be to use two-way 
nesting to quantify the impact of a better representation of fresh water pathways on the Arctic shelves 
and fresh water flux to the Arctic interior. First, a high resolution (O(1 km)) HYCOM-to-HYCOM nest 
will be implemented, not only to provide better resolution of the shelves but also to improve river mass 
and temperature fluxes. The configuration will allow for the quantification of the impact of a better 
representation of fresh water pathways on the Arctic shelves and fresh water flux to the Arctic interior. 
Then, the benefit of using a nested super-high resolution (< 1 km with less than 500 m near the coast) 
model of the Arctic shelf seas with the unstructured-grid Finite-Volume Community Ocean Model 
(FVCOM) instead of a HYCOM-HYCOM nest will be evaluated. Both nested shelf models will have 
improved representation of the river runoff including mass flux and heat flux associated with river 
water temperature. The nested modeling systems will be evaluated against in situ and satellites 
observations (ocean color, sea ice extent). The developed two-way nested modeling system will be 
employed to: (1) determine transport pathways and fate of fresh water on the shelves, (2) characterize 
ocean-shelf fresh water flux, and (3) evaluate the influence, over the Arctic shelves, of continental 
runoff on thermohaline processes and sea ice formation. The results from the nested models will be 
compared to the outputs from the current Arctic Cap and global HYCOM in order to assess the benefit 
of high-resolution nesting of the shelf regions.     
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WORK COMPLETED 
 
Task 1: Validation and improvements of existing Arctic HYCOM simulations 
 
During the past year, we pursued the validation of the Global HYCOM+NCODA Reanalysis and 
Analysis, focusing on the accuracy of the Mixed Layer Depth (MLD) representation in the Arctic 
Ocean and Subpolar North Atlantic. The accuracy of the upper-ocean characteristics depends on the 
turbulent mixing schemes implemented in a model, surface buoyancy flux, momentum flux, and wave 
stresses (usually parameterized in the turbulence schemes) and the MLD and its characteristics (T, S,  
and dynamics) is a usual variable that is commonly used to validate the accuracy of the simulated 
upper-ocean characteristics.  
 
The model climatology of MLDs in the Arctic Ocean and Subpolar North Atlantic is estimated from 
the Global HYCOM+NCODA Reanalysis and Analysis (GLBb0.08) for 1993-2015 by evaluating 
different definitions of the MLDs in order to determine the most robust technique applicable for the 
high-latitudinal seas. Specifically, the methods suggested by Kara et al. (2000) and Boyer Montegut et 
al. (2004) as well as methods based on a threshold criteria (e.g., Monterey and Levitus, 1997) are not 
reliable for polar and subpolar oceans. The problem is related to the very small temperature range in 
the Arctic region and the pre-defined threshold value for T that is used to calculate the expected 
density at the base of the mixed layer (Kara et al., 2000). In Kara et al. (2000), the MLD algorithm is 
based on ΔT and the threshold reference temperature TREF. In the Arctic, this can lead to erroneously 
deep mixed layer all the way to the bottom. An alternative approach was developed that selects 
threshold value of ΔT (that is used to calculate the mixed layer density to find the MLD) individually 
for each profile considering statistics of T values in the water column. Preliminary results are shown 
for the select regions shown in Figure 1. The two methods agree well in the interior Arctic Ocean due 
to strong stratification and a well pronounced pycnocline and differ mostly subpolar North Atlantic 
regions, where the MLD has large spatial and temporal variability (Figure 2).  The MLDs are currently 
being compared to in situ observations and Argo profiles (collaboration with St. Petersburg State 
University). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Regions where the MLD from HYCOM reanalysis is evaluted and compared to 
observations.  
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Figure 2. MLD climatology from HYCOM reanalysis for 6 regions (red boxes in Figure 1) estimated 
using Kara et al. [2000] and the alternate method. For Kara methodology, dT = 0.2C (top) and 0.5C 
(middle).  
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Task 2: Freshwater pathways in the Arctic and sub-Arctic seas 
 
We investigate the pathways of fresh water in the Arctic Ocean and North Atlantic in a series of 
experiments with increasing complexity, 0.08º and 0.04º, wiyth and without improved water runnoff 
over the Arctic. 
  

a) Numerical Experiment 11.0 with 0.08 AO HYCOM (Control Run)  
 
We use the  0.08º coupled HYCOM-CICE configured for the Arctic Ocean domain with improved 
bathymetry and vertical grid. The model is nested into the Global HYCOM Reanalysis/Analysis and is 
integrated during 1993-2015. In order to track propagation of fresh water, 5 passive tracers are 
constantly released during the simulation at the major sources of fresh water in the Arctic Ocean and 
Greenland (Figure 3). The amount of tracer prescribed at every location is proportional to the fresh 
water flux in the model, including Greenland coast (~400 fresh water sources along the course). This 
allows one to quantify the contribution of different fresh water sources to the Artic Ocean fresh water 
budget as well as fresh water fluxes between different regions in the Arctic Ocean and the North 
Atlantic. Passive tracers allows accurate tracking of fresh water from its source to the interior regions 
of the Arctic Ocean and to the North Atlantic. It should be mentioned that this effort contributes to the 
international modeling experiment investigating Greenland and Arctic fresh water pathways withing 
FAMOS, led by D. Dukhovskoy (FSU/COAPS). In the control simulation, river runoff in the Arctic 
and North Atlantic in the model is prescribed similar to the existing 0.08-degree Global HYCOM 
reanalysis/analysis. This is river climatology in the Arctic Ocean and no Greenland runoff. The 
preparation of the nest fields, restart fields, the set up and configuration of the model were described in 
the annual report of 2016. The model experiment has been successfully completed (Figure 4) and the 
output will be analyzed in the coming year.  

 
Figure 3. Release locations of fresh water passive tracers in the 0.08 AO HYCOM-CICE simulation. 
Colors indicate fresh water tracer concentration (kg/m3).  
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Figure 4. Preliminary results from the 0.08 AO HYCOM-CICE tracer experiment. The figure shows 
concentration of the individual tracers after 13.5 years of the model run. The colors are tracer 
concentration (logarithmic scale), kg/m3.  
 

b) Numerical Experiment 0.08 AO HYCOM (epxt 11.2) with and improved river runoff 
 

The main objective of this experiment is to analyze the impact of improved river runoff and Greenland 
fresh water flux on numerical solution (dynamics and thermohaline characteristics) in the coastal and 
shelf regions. The model setup is identical to the control run (including the allocation and prescribed 
flux of the passive tracers). The main difference is improved representation of the river runoff in the 
Arctic Ocean and along the Greenland coast. River monthly mean discharge rates have been created 
for the Arctic Ocean and the North Atlantic on the basis of NCAR/UCAR CGD data set. The total 
number of rivers (without Greenland fresh water sources) is 72 (vs 30 in the control run). An algorithm 
has been created for automatic quality control of the data, gap filling, and distribution in the model 
grid. All river locations have been validated and corrected as necessary (Figure 5). Greenland 
freshwater sources are incorporated into AO-HYCOM using monthly inter-annual gridded data 
(Bamber et al., 2012) (see Figure 6). The model experiment is currently being integrated.  
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Figure 5. River sources in the Laptev Sea in the HYCOM experiment 11.0 (control run, left) and 11.2 
(right).  
 

 
Figure 6. Locations of the individual Greenland fresh water sources (Dukhovskoy et al., 2016).  
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c) Numerical Experiment 0.04 AO HYCOM (epxt 01.0, 01.1)  
 

The main objective of this experiment is to investigate the role of the small mesoscale dynamics (in the 
order of baroclinic Radius of deformation that is in the order 2 km on the Arctic and Greenland 
shelves) on fresh water and heat fluxes in the Arctic Ocean and Subpolar North Atlantic. We therefore 
configured a high-resolution (0.04º, ~ 2km in the Arctic Ocean) configuration of the AO HYCOM-
CICE. The steps we undertook are  
   

1) Model grid and bathymetry for 0.04-degree configuration have been prepared. The erroneously 
closed Fary and Heccla strait has been opened (Figure 7).  

2) Model restart fields are interpolated into 0.04-degree grid from 0.08 AO HYCOM-CICE 
experiment 11.0 (January 1, 2005). Tracer fields are interpolated into the 0.04-degree grid and 
saved into the restart data file.  

3) CICE restart fields are prepared from 0.08 AO HYCOM-CICE experiment 11.0 (January 1, 
2005). 

4) An algorithm for preparing lateral OB forcing (“nest”) fields from Global HYCOM 
Reanalysis/Analysis has been prepared. 

5) Test simulation without surface and lateral OB forcing has been performed. 
6) Test simulation with all forcing fields turned “on” has been performed for 10 months of 2005 

(Figure 8). The high-resolution simulation reveals better representation of baroclinic 
instabilities along the oceanic fronts, propagation of the fresh water plumes, and smaller scale 
eddies in the study region. 

  

 
 
Figure 7. Closed Fary and Heccla strait in Topography T17 (left) has been opened in corrected version 
of T17 (right).  
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Figure 8. Simulated near-surface T fields in the 0.04 AO HYCOM-CICE (left) and 0.08 AO HYCOM-
CICE (right).  
 
Task 3: Implement river mass flux and temperature flux boundary conditions to HYCOM. 
 
Testing of HYCOM River Parameterizations in Idealized Simulations 

A suite of idealized HYCOM simulations have been run based on configurations found in the literature 
to test several aspects of river plumes simulated with different parameterizations of rivers that are 
presently implemented in HYCOM. The idealized model configuration is designed to replicate that 
used by Hetland (2005) to study near-field plume dynamics with ROMS, which is also similar to 
several other previous studies. Modifications of this idealized estuary-shelf configuration are also used 
to understand the impact of different river parameterizations in more typical implementations of rivers 
in large-scale HYCOM simulations. 

The model configuration used here has a 1-km resolution grid over a 300km long, 75km wide shelf on 
an f-plane at 45°N (Figure 9). The bottom slope is 1/1500, with a maximum depth of 70m.  The 
temperature is initially 20°C in the upper 10m, decreasing to 5°C at depth with a 20m decay scale.  A 
single river source of 1000 m3/s enters the domain either through a 25km-long 3km-wide estuary 
normal to the coast.  In a modified idealized simulation, the river inputs to the shelf directly adjacent to 
the straight coastline with no estuary, a more typical implementation of river sources in large-scale 
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HYCOM simulations.  This configuration uses closed lateral boundaries, but analysis of the simulation 
is confined to the time before the river plume begins interacting with the boundaries. 

 

Three different parameterizations are being tested in this study.  The first parameterizes riverine input 
as a surface salinity flux prescribed as a bogus precipitation over a region about the river source.  The 
second provides an mass flux associated with the bogus precipitation that can through modification of 
the pressure.  This effectively can provide a mass source distributed with some depth profile as 
opposed to being constrained to the topmost grid cell.  The last is a recently implemented option in 
which river sources are simulated as a volume flux with prescribed temperature and salinity at port 
locations. 

The three-dimensional plume structure is analyzed for the different model configurations using bogus 
surface precipitation parameterization for rivers with and without associated mass flux.  Simulations 
parameterizing riverine inflow using port forcing (lateral volume flux with prescribed temperature and 
salinity) are yielding numerically unstable solutions at this time and further testing of the model code is 
ongoing.  Each of the simulations produces a large-scale (far-field) salinity pattern characteristically 
similar to that of Hetland (2005) – that is, a roughly 20km bulge turning anticyclonically toward the 
coast and then a coastal jet flowing with the coast to the right. The surface salinity fields for the 
experiments having an idealized estuary appear very similar (Figure 10).  The models with rivers 
source along the coast (no estuary) have weaker gradients and generally higher salinities within the 
plume indicative of the plumes being too diffuse (overly mixed) compared to the models with river 
sources inside a simple channel-like estuary. The model with estuary that uses the mass flux 
parameterization has a lower salinity in the core of the jet compared to the model that uses the bogus 
precipitation with no mass flux.   

Figure 9.  Left: Surface 
salinity field simulated 
with a 1000 m3/s river 
source in a idealized shelf 
configuration of the 
ROMS model from 
Hetland (2005).  Right: 
Freshwater thickness 
from the same simulation 
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Figure 10.  Surface salinity fields after 16 days of integration from simulations having an idealized 
estuary (left) or river input adjacent to the coast with no estuary (right).  Rivers are parameterized as 
bogus surface precipitation (top) with associated mass flux (bottom). 
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Figure 11.  Vertical sections of salinity after 16 days of integration from simulations having an 
idealized estuary (left) or river input adjacent to the coast with no estuary (right).  Rivers are 
parameterized as bogus surface precipitation (top) with associated mass flux (bottom). 

The vertical structure of the salinity field along a section normal to the coast passing through the 
location of the river source again shows similarities in both models with estuaries (Figure 11).  These 
simulate a baroclinic estuarine flow structure (inflow at depth, outflow at surface), resulting in a 
wedge-type estuary.  The simulations with rivers input directly along the coastline (no estuary) both 
yield markedly weaker stratification.  The flow normal to the coast under the plume is also much 
weaker in these simulations than in the simulations with estuaries.  The plumes are thicker over the 
shelf in the simulations with no estuary. This is manifest as larger freshwater thickness (computed as 
the vertical integral of the salinity anomaly from a reference of 32) over the shelf adjacent to the coast 
in the simulations with no estuary compared to those with riverine input to the shelf occurring via an 
estuary (Figure 12).  When the river is input to an estuary, the maximum freshwater thickness within 
the bulge is separated from the coast, consistent with the pattern shown by Hetland et al. (2005) 
(Figure 8). Freshwater thickness within the plume bulge is also greater for the experiments 
parameterizing the mass flux associated with the river input than in those experiments that prescribe 
rivers solely as a surface salinity flux. 

The relatively diffuse plume simulated in the experiments with river input directly at the coast is 
associated with along-plume jets that are generally weaker and broader than the model experiments 
with rivers input through estuaries (Figure 13).  The outflow from the estuary is stronger in the model 
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with mass flux parameterization than the model without.  Despite the fact that both simulations with 
estuaries produce similar-looking outflow of low salinity water, the actual volume flux in the 
experiment with no compensating mass flux to the surface salinity flux is zero.  The simulation with 
the mass flux parameterization provides nearly the prescribed riverine volume flux at the mouth of the 
estuary (932 m3/s versus a prescribed value of 1000 m3/s) (Figure 14).  Upcoming work will further 
analyze the salinity flux simulated with the different riverine parameterizations.  Once the 
implementation of rivers as port forcing is corrected, thermal fluxes associated with the rivers will also 
be analyzed.  

 

Figure 12.  Freshwater thickness computed as the vertical integral of the salinity anomaly after 16 
days of integration from simulations having an idealized estuary (left) or river input adjacent to the 
coast with no estuary (right).  Rivers are parameterized as bogus surface precipitation (top) with 
associated mass flux (bottom). 
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Figure 13.  Surface velocity fields after 16 days of integration from simulations having an 
idealized estuary (left) or river input adjacent to the coast with no estuary (right).  Rivers are 
parameterized as bogus surface precipitation (top) with associated mass flux (bottom). 

 
Figure 14.  Time series of volume transport at the mouth of the estuary computed from the simulation 
with rivers parameterized as surface salinity flux only (left) and with an associated mass flux (right). 
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RESULTS 
 
- Validation of 1/12 HYCOM global reanalysis (GLBb0.08) from 1993 to 2012. 
- Configuration of a 0.08-degree coupled HYCOM-CICE for the Arctic Ocean to study freshwater 

pathways 
 
RELATED PROJECTS 
 
This project builds on the core model development activities taking place at the Naval Research 
Laboratory (see annual report by P. Hogan).   
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