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1. Introduction   

ICMMG (Institute of Computational Mathematics and Mathematical Geophysics) model description is 

provided below. In addition, modelôs particle transport algorithm is discussed to clarify results of tracer 

trajectories discussed in the paper.  

Attached figures illustrate forcing and results of Ekman velocities calculations in the Beaufort Gyre of the 

Arctic Ocean and freshwater fluxes via boundaries. 

1.1 Particle tracer in SibCIOM model 

 

In order to numerically track the distribution of water masses in SibCIOM model (see section 2.6 of this 

paper), a so-called distributed tracer is used. This tracer is similar to a dye and is a three-dimensional (or 

two-dimensional) concentration field that has some specific source and evolves in time like salinity or 

temperature (Maslowski et al. 2000, Condron et al. 2009, Jahn et al. 2010, Aksenov et al., 2016, 

Dukhovskoy et al., 2016). The drawback of this approach is the lack of information about individual 

trajectories. One can state what is the tracer concentration in a certain cell of a numerical grid, but 

information about how this tracer got there, when and where it was emitted, what its initial temperature and 

salinity were, what its further movement is, cannot be established via this approach. An alternative approach 

is the method of Lagrangian particles. Particles are emitted individually and periodically in the region of a 

certain source and move within the numerical domain with a model velocity. In this case, all the above 

information is available The tracer concentration is estimated based on how many tracer particles are 

currently inside a given cell. 

 



 

 

To calculate the position of a particle ►ᴆ moving with velocity ○ᴆ from the initial point ►ᴆ, one can use the 

explicit advection equation in the form of Lagrange 

►ᴆ ►ᴆ ○ᴆϽὨὸȟ 
where velocity ○ᴆ is an interpolant of the model velocity field at a point ►ᴆ, and Ὠὸ is a model time step. The 

explicit form is easy to use, but a problem arises when the speed is so great that, if it is saved during the 

whole time step, the particle could leave the domain. In this case a more acceptable solution is obtained 

under the assumption that the velocity decreases linearly to zero as the boundary is approached. If the 

boundary of the region has the coordinate ὼ π, and the particle starts its motion from the point with the 

coordinate ὼ π with the negative initial velocity ὺ ȿὺȿ π, then the explicit expression gives a 

new position with the coordinate ὼ ὼ ȿὺȿὨὸ, which can be negative, that is, the particle crosses the 

boundary. If the particle velocity decreases linearly to zero when approaching the boundary, i.e. ὺὼ

ȿὺȿ , the Lagrange formula yields the following differential equation 

Ὠὼ

Ὠὸ

ȿὺȿ

ὼ
ὼȟ 

which has an exponential solution. For one model time step period it gives 

ὼὸ ὼÅØÐ
ȿὺȿ

ὼ
ὨὸȢ 

That is, a particle exponentially approaches the boundary, but does not intersect it. 

 

The advective motion of particles is additionally accompanied by diffusion. Diffusion is considered here as 

a stochastic process. As a result of diffusion, the position of a particle will be randomized (relative to its 

position obtained after advection) with a normal distribution and with a standard deviation proportional to 

the magnitude of the diffusion scale, ЍὃϽὨὸ, where ὃ is the diffusion coefficient. If the position of the 

particle after advection is determined by the coordinate ὼ, and the standard deviation along the ὢ 

coordinate is „ ‌ЍὃϽὨὸ (‌ is a scaling factor), then particle position ὼ after diffusion will be 

ὼ ὼ „Ͻɮ ÒÁÎÄ
ρ

ς
ȟ 

where ÒÁÎÄ denotes a random number of a uniform distribution on the interval (0,1) numerically realized 

on a computer, and ɮ  is the inverse function to the Laplace function, i.e. 

ὼ ɮ ώȡ      ώ ɮὼ
ρ

Ѝς“
Ὡ Ὠ‚Ȣ 

A similar procedure is performed using the other two model coordinates. 

 

The position of a particle tracing water subject to convective or wind-driven mixing is also determined 

stochastically on the basis of a uniform distribution in the mixed layer 

ᾀ ᾀ ᾀ ᾀ ϽÒÁÎÄȟ 
where ᾀ and ᾀ are the upper and the lower boundaries of the mixed layer. 

 

If particles are generated with a certain periodicity, then over time their number becomes very large, which 

significantly slows the model calculations. Furthermore, over time, particles lose their identity as indicators 

of a particular source of water mass due to diffusion processes. Guided by these two reasons, we have also 

introduced a particle elimination process that limits the number of older particles. Removal of particles also 

occurs randomly in accordance with the exponential distribution of their lifetime. If we assume that the 

average lifetime of a particle is †ḻὨὸ, then, in accordance with the exponential distribution law, the 

probability of particle removal during a model time step is 

ὖ ρ ÅØÐ
Ὠὸ

†

Ὠὸ

†
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The probability that the particle will remain active for a certain period of time ὸ is 
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If we assume that the decrease in the number of particles should not lead to a decrease in the water masses 

represented by them, the elimination of some particles of age ὸ should increase the weight of the remaining 

particles of this age. This means that the weight of the surviving particles increases with time by a factor of 

ὅ
ρ

ὖ ὸ
ÅØÐ

ὸ

†
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If each particle initially represents a volume ὠ of some water mass, and some area contains ὔ particles of 

different ages ὸ, then the associated water mass volume in this area will be 

ὠ ὠÅØÐ
ὸ

†
Ȣ 

In our numerical experiment we used † υ years with model time step ὨὸρȢυ hours. A particle of any 

river runoff was deployed in a way that it represents a volume ὠ πȢφψυω km3, while each particle of 

Bering Strait inflow represents ὠ σψȢψρ
Ȣ

Ȣ
 km3. where Ὓ is the salinity in place of origin and at 

time of origin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Figures 

 



 

 

2.1 Supplemental S1 

 

 

 
Figure S1a Monthly freshwater content and forcing factors in the Beaufort Gyre region in September 2007.  

(A): sea ice concentration (colors), ice drift (vectors, cms-1). Black contours show SLP (hPa).   (B): Ekman 

velocities. Horizontal Ekman mean velocities are depicted by vectors (cms-1) and Ekman vertical velocity 

(cmday-1) by colors. Black solid lines represent freshwater content (m) with 2 meter increment. (C): 

freshwater content from CTD data is shown in colors and by blue contours (m, 2 m increment); Vectors 

show wind stresses at the ice and ocean surface (gcm-1s-2); (D): August freshwater content (m, colors and 

contours) inferred from DOT. Vectors depict geostrophic currents inferred from DOT and published by 

Armitage et al. (2017). Note: we intentionally repeat freshwater content observed in the August 

hydrographic survey (panels C in all Figures 6) to better visualize the rate of fresh water accumulation and 

accurately compare observed freshwater content in August with freshwater content inferred from the 

monthly satellite data. 

 

 

 



 

 

 

 
Figure S1b Same as Figure S1a but for November 2007 

 

 

 

 

 

 

 

 



 

 

 
Figure S1c Same as Figure S1a but for January 2008. 

 

 

 

 

 

 

 

 



 

 

 
Figure S1d Same as Figure S1a but for March 2008 

 

 

 



 

 

 
Figure S1e Same as Figure S1a but for May 2008 

 

 

 

 

 

 



 

 

 
Figure S1f Same as Figure S1a but for July 2008. 

 

 

 

 

 

 

 

 



 

 

 
Figure S1g Same as Figure S1a but for September  2008.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

2.2 Supplemental S2 

 

 
Figure S2 Top four panels: Mean monthly components of Ekman velocities perpendicular to region 

boundaries (m/s); Bottom four panels:  mean monthly freshwater content of the upper 20m layer along 

boundaries (m) 

 

 

 

 

 

 

 

 



 

 

 

2.3 Supplemental S3 

 

 

 
Figure S3a Surface water salinity (contour lines and colors) at 1, 5, 10 and 20m observed during 

hydrographic surveys of the Beaufort Gyre region in 2003. Arrows show Ekman transport in the region (see 

section 2.5). Black lines bound our rectangular region where freshwater content budget was calculated. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
Figure S3b Same as S3a but for 2005. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
Figure S3c Same as S3a but for 2006. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
Figure S3d Same as S3a but for 2007. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


