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ABSTRACT.

A global coupled atmosphere—ocean—ice model is used to examine the

interdependence among several components of the hydrologic cycle in the Arctic Ocean,
including river discharge, sea-ice cover, and the flow of sea ice through Fram Strait. Since
the acean model has a fn e surface, fresh-water inflow from rivers is added direc tly to the
ocean. The timing of the peak spring river flow depends on snowmelt runoff and its sub-
sequent routing through the river system. Thermodynamic sea ice is included, and a new
sca-ice advection scheme is described. The model’s viver discharge affects salinity at the
mouth of Targe rivers. The effect of the river dl\L]‘.dlgl‘ on sca-ice cover 1s not clear, either
locally or at the basin scale. There is significant inter-annual variability of ice flow
Ihwugh Fram Strait, but the model’s flow is about half of that observed. The anomalous
ice flow through Fram Strait is most highly correlated with the meridional wind stress.
Potential nn])ludllom for the “great salinity” anomaly are discussed.

INTRODUCTION

The global hydrologic eyele is one of the major components
ol the climate system. In high latitudes there are inter-
actions among precipitation, evaporation, river flow and
sea ice. Aagaard and Carmack (1989) indicated that
changes in fresh-water low could alter the stability of the
Arctic water column and thus affect occan processes. A
model study by Seminer (1984) found that potential modifi-
cations of river flow into the Arctic would not cause major
changes in ocean temperature, salinity or sea ice, Weatherly
and Walsh (1996) used an ocean-ice model and found that
decreased river runoff into the Arctic Ocean aflects sea ice
more than increased runofl’because the former changes ver-
tical stability more effectively. They also suggest that the

Semtner study may have underestimated the impact of

changes in river flow because the occan maodel under-
estimated the strength of the halocline.

In recent years, coupled atmosphere ocean models have
been developed to study the climate system. The spatial re-
solution of these models is large in comparison to the scales
of many important processes, such as leads in ice packs and
the hydrology of snowmelt runofl’ in mountainous regions.
Both of these smaller-scale processes are important in the
present study, the former because large high-latitude heat
fluxes occur through leads, and the latter because it aflects
the timing and magnitude of (resh-water inputs to the
ocean.

The purpose of this paper is to describe a new sea-ice ad-
vection scheme and use it in a coupled atmosphere ocean
model to examine components of the hydrologic cycle in
the Arctic Ocean. Of particular interest are the interactions
among river [low, ocean salinity and sea ice, When climate

models are used at decadal-to-century time-scales, one
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assumes that the magnitude of any physical responses to
changes within the coupled system will dominate any slow
climate drift of the model. For example, any change in coast-
al salinity that occurs in response to anomalously high river
flow should exceed any change that is associated with a
long-term drift of the model’s mean salinity. This study is
based on a 23 year simulation of the coupled atmosphere
occan model in which flux adjustments such as those
described in Manabe and others (1991) are not used,

THE COUPLED ATMOSPHERE-OCEAN-ICE MODEL

The coupled atmosphere—ocean-ice model developed by
Russell and others (1995) is used in this study. The resolution
is 4" latitude by 5° longitude. There are nine vertical layers in
the atmosphere and 13 in the ocean. The atmospheric madel’s
source terms, such as radiation, surface interaction and con-
densation, are similar to those of Hansen and others (1983).
"The atmospheric model includes the C-grid scheme of Araka-
wa and Lamb (1977) 1o solve the momentum equation, and
Russell and Lerner’s (1981) linear upstream scheme to adveet
potential enthalpy and water vapor. The river-routing scheme
of Miller and others (1994 is used to move model-generated
runofl’ within a gridbox downstream to the ocean.

The ocecan model is described in Russell and others
(1995). It uses the linear upstream scheme of Russell and
Lerner (1981) for the advection of heat and salt, solves the
mass and momentum equations with a new C-grid scheme,
and is initialized with temperature and salinity from Levi-
tus and others (1994). The model allows divergent mass flux,
and has a [ree surface. Caleulations based on the gradients
of pressure, heat and salt are used to determine the (low of
mass, potential enthalpy and salt through 12 straits that are
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too narrow to be resolved by the grid resolution. Iresh water
is added directly to the ocean by precipitation or river flow.

There are two improvements to the Russell and others
(1995) model that are used in this paper. One is the inclusion
of sea-ice advection, which is discussed in the next section.
The second is the use of ocean-surface albedo based on Brie-
gleb and Ramanathan (1982) which has been used in the
United Kingdom Meteorological Office (UKMO) atmo-
sphere—ocean model. In Russell and others (1995, the global
annual ocean and ocean—ice albedo, weighted by incident
solar radiation, was 7.4%. The atmospheric component of
the atmosphere-ocean model, when integrated with clima-
tological ocean temperatures and sea-ice concentrations,
had a global annual net heat imbalance into the oceans
and ocean ice of 74 W m % When the larger UKMO ocean
and ice albedo of 96% is used, the net heat imbalance into

9

the oceans is reduced to 39 W m ~, which helps to reduce

the climate drift in the coupled model.

SEA-ICE ADVECTION

The new sea-ice advection scheme introduces [ive adveetive
prognostic variables that are added to the five thermo-
dynamic prognostic variables used in Russell and others
(1995) (see Table 1). The time rate-of-change of the sea-ice
velocity components are given by
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where the variables are defined in'Table 2.
The equations [or u and v are simultancous linear differ-
ential equations:
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The sea-ice-velocity components are defined on the C-
grid (i.e. they are defined perpendicular to the gridbox
edges). This is ideal for sca-ice advection and for incorporat-
ing internal sea-ice pressures, but the Coriolis term is cal-
culated less accurately. The pair of equations are solved
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twice, once for u using averaged values of v, and again for
v using averaged values of u.

A modified linear upstream scheme (Russell and Ler-
ner, 1981) is used to advect sea ice using the time-integrated
velocities. The scheme produces smooth distributions of sea
ice, yet is less diffusive than a standard upstream scheme.

The atmospheric-momentum stress for each component
is assumed to be constant during an integration step of sca-
ice velocity, The model’s minimum value of the seca-ice
ocean drag coefficient, “C”, is 0.0012 for new ice, which is
assumed to be 0.5m thick. The coefficient is assumed to
increase lincarly with ice thickness, and 1s equal to 0.005
for 3 m thick ice (personal communication from D. Martin-
son, 1994). The time-integrated drag also accelerates the
ocean below the ice. The island-blocking factor,“B, is used
to decelerate ice in regions where sub-gridscale-sized islands
are present. The Coriolis and metric terms, for each hori-
zontal velocity component, use a four-point average of the
other horizontal velocity component. The components of
the pressure-gradient force (P; and Fy) are caused by the
ocean and sea-ice tilt and atmosphéric pressure.

The calculation of internal sea-ice pressure (£} and F)
follows Flato and Hibler (1992) with a few modifications.
The prognostic internal sea-ice pressure is updated using
an iteration scheme with at most 20 steps. In cach step, the
internal sca-ice pressure-gradient term is used in solving the
two simultaneous linear equations for sea-ice velocity. The
time integral of this sea-ice velocity estimates the sca-ice
area crossing each gridbox edge. If the sea-ice area is con-
vergent in a box, and the sea-ice pressure is below its maxi-
mum, then the ice-pressure increment is calculated so that
the ice-area convergence would be zero were this increment

Table 1. Prognostic variables for sea ice

Thermodynamic variables
Hy, Ha (Jm ¥

."\[| s ﬂl’g | k}_{ m %

R Horizontal [raction of sea ice

Sca-ice static energy per unit arca
Sea-ice mass per unit area for two layers

Advective variables

F (Pa) Internal sea-ice pressurc

Ry East—west gradient of 17

R, North-—south gradient ol
u, v (ms ) Sea-ice velocity components

Table 2. Variables used by dynamical equations for sea ice

a(m) Mean radius of the Earth

B (m’kg 's) Island-blocking factor for sea ice

C Ocean/sea-ice drag coeflicient
fsY Coriolis parameter

F. F, (Pam) Gradient of internal sea-ice pressure

M (kgm 2
P..P, (Pam "

Sea-ice mass per unit area = My 4+ Ms

Pressurc-gradient foree from ocean and
sea-ice tilt

R Horizontal fraction of sea ice

w, v (ms | Sea-ice velocity components

g, v (ms ' Sea-ice velocity at beginning of step

U,V (ms') Ocean surface-velocity components
t(s) Time

R Atmospheric surface-siress components
AV (ms ™ [(tay — l',’)2 + (v — V)z]%

1] Latitude

plkgm?) Density
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the only change to the pressure field. If the sea-ice area is
divergent in a box, and the sea-ice pressure is positive, then
the ice-pressure increment is calculated so that the ice-area
divergence would be zero were this increment the only
change to the sea-ice pressure field. The increments are
applied to each gridbox before the next iteration.

The scheme used here causes sea-ice area convergence to
approach zero, and applies all the pressure increments si-
multancously at the end of an iteration. Gridbox order of
calculations is unimportant. The largest increment for the
20th iteration in this implementation is usually less than
100 Pa. This scheme differs from that of Flato and Hibler
(1992)
approach zero, and applies the pressure increments as they

which causes sea-ice velocity  convergence  to

are calculated for each gridhox. Their method converges
more rapidly. but il convergence is not complete, then the
order of calculations aflects the results.

RIVER FLOW AND SEA-SURFACE SALINITY

The surlace salinity of the Arctic Ocean is determined by
water fluxes into the basin and mixing within the basin.
The [resh-water budget of the Aretic Ocean depends on pre-
cipitation, evaporation, river flow, the advection of sea ice
and interchange with other basins. Miller and Russell
(1995) showed that the seasonal variation of the maodel’s pre-
cipitation [or the Arctic was similar to the observed precipi-
tation of Legates and Willmott (1990), with a maximum in
the fall and a minimum in the spring In this section we
examine the potential effects of river flow on surface sali-
nity.

The ocean gridbox at the mouth of the Yenesei river is
used to examine the local variation of sea-surlace salinity
at the mouth of a large river-system. This central Asian river
is one of the largest rivers draining into the Arctic, and, as
shown in Figure la, the model’s pronounced peak runofl
from snowmelt in the spring is in good agreement with
observations. Although Mysak and others (1990) found that
Siberian rivers may not have the same impact on sea ice as
the Mackenzie River in Canada, the Yenesel is examined
here because the climate model represents its seasonal run-
off significantly better than it does the Mackenzie's.

Figure 1b shows the model’s annual eyele of sea-surface
salinity in the gridbox at the mouth of the Yenesei. Figure la
and b shows that the model’s minimum salinity occurs during
the two summer months following the maximum river [low
in June. The deerease in salinity (10%o) 1s consistent with what
one should obtain by mixing the volume of fresh water into
the top ocean layer, which is 12 m deep. Although the timing
and magnitude of the model’s minimum salinity is the same
as the observed, the model’s maximum salinity is too low, and
oceurs too late, compared to the observed winter-salinity
maximum. It should be noted, however, that the Levitus
and others (1994) climatology for this location is based on
sparse data during all seasons except summer.

At the larger spatial scale, Figure 2a and b shows how
the runoflinto the Arctic Ocean, and the surlace salinity of
the entire Aretic Ocean, vary through an annual cycle. The
model does attain its minimum salinity in the summer, con-
sistent with the observed salinity variation, but the model’s
salinity is too high and the annual range of salinity is about
hall* the observed range of Levitus and others (1994
Although further analysis is needed to determine why this
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River Flow (10%kg s°1)

Model
-er=-===  Levilus

Ocean Surface Salinity (%e)

Months

Fig, I Annual cycle of the model’s ( a) river flow at the mouth of
the Yeneset and (b ) sea~surface salinity in the ocean gridbox at
the mouth of the Yeneset, based on the last seven years of the
model simulation. Also shown ave the observed surface sali-
nities based on Levitus and others (1994) and the observed river
SMow based on Unesco (1983).

oceurs, it is probably due to excessive large-scale vertical
mass {luxes at alternating gridboxes, or possibly due to ex-
cessive convective or diffusive vertical mixing,

The mter-annual variability of river flow and salinity
and their possible correlation is examined by calculating
their seasonal anomalies. Figure 3a and b shows the model’s
seasonal surlace salinity anomaly at the mouth of the Yene-
sel and the entire Arctic Basin, respectively. Also shown is
the seasonal river-flow anomaly. Locally, Figure 3a shows
that the largest river-llow anomalies are followed by low
salinity with approximately a 1-3 month delay. It is not
clear that the same results hold for the entire basin. In fact.
there is a downward trend in surface salinity of the Arctic
Ocean during this period.

SEA ICE

The question examined in this section 1s whether sea ice and
river [low are related. Figure 4a and b shows the seasonal
cycle of sea-ice cover for the gridbox at the mouth of the Ye-
nesei and for the entive Arctic Ocean, respectively, For the
Yenesel, the model’s ice cover in the summer is too high,
compared with the observed variation given by Walsh and
Johnson (1979). When the previous eight years of the model
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Fig. 2. Annual cycle of the models ( a) river flow into the Are-
tic Ocean and (b) sea-surface salinily of the Arclic Ocean
based on the last seven years of the model simulation. Also
shown are the observed surface salinities based on Levitus

and others (1994).

simulation were examined, the ice cover in the summer
decreased to the same as the observed. Further analysis is
needed to understand why the model’s summer ice cover in
this gridbox has increased so much from the previous
period. For the Arctic Ocean, the model and observed mini-
ma ol ice cover occur in September. However, the model has
too much ice in the summer.

Figure 5 shows the seasonal anomalous river flow and
sea-ice cover for the ocean gridbox at the mouth of the Yenc-
sei. One might expect that years with anomalously high
summer river [low would decrease the salinity sufliciently
to allow water to [reeze more easily the following fall, and
thus be correlated with higher sea-ice cover in subsequent
scasons. However, the ligure shows that the sea-ice cover at
the mouth of the Yenesei is not highly correlated with river
flow. A similar result holds at the larger scale of the entire
Arctic Basin. The additional effects of temperature must
also be considered when examining sea-ice cover.

In addition to temperature and salinity, ice cover in a
particular gridbox depends on whether ice is advected into
or out of it. In fact, one mechanism for the removal of [resh
water from the Arctic Basin is by the advection ol sea ice
through Fram Strait. Figure 6 shows the model’s annual
cycle of ice flow through Fram Strait. The seasonal cycle
shows that the model’s maximum southward transport
occurs in the late winter and early spring. However, the
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River Flow (10%kg s™")
........ Salinity (%o) * 10

Seasons

River Flow (10%kg s°1)
—ez----- Salinity (%) * 100 1

Seasons

Fig. 3. Temporal variation of the anomalous seasonal surface
salinity for (a) the gridbox at the mouth of the Yeneser and
(b ) the entire Arctic Ocean. Also showon is the seasonal river-
Jlow anomaly. Based on the last seven years of the model
stmulation.

model’s mean annual southward transport is less than half
of the 2790 km” found by Aagaard and Carmack (1989).

The anomalous river flow into the Arctic was also exam-
ined to determine whether years of high runoffinto the Arc-
tic were followed by anomalous flow through Fram Strait.
Mysak and others (1990) hypothesized that the “great sali-
nity” anomaly might be related to high river flow into the
Arctic, particularly from the Mackenzie River. Since no
such correlation was found at the mouth of the Yenesei, it is
not surprising that no such correlation has been found for
the entire Arctic Basin. The relatively short time period
examined here, and model deficiencies, however, could ac-
count for this finding. A longer simulation, with finer hori-
zontal grid resolution, improved vertical-mixing processes,
improved river flow and reduced climate drift should be
examined.

Il the anomalous ice advection is not correlated with
fresh-water inflow to the Arctic Basin, are there other physi-
cal variables with which it might be correlated? Figure 7
shows that the anomalous monthly sea-ice flow through
Fram Strait is highly correlated with the anomalous meri-
dional wind speed at the latitude of Fram Strait. The corre-
lation coellicient is 0.81. When the wind is anomalously
strong and southward (northward), the ice flow is anoma-
lously high and southward (northward).
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Fig. 4. Annual cycle of the model’ fractional ocean ice cover for
(a) the Yemesei and (b) the entire Arctic Ocean based on ihe
last seven years of the simulation. Also shown is the observed ice
cover based on Walsh and Johnson (1979).
DISCUSSION

A model simulation with a global coupled atmosphere-
ocean model and realistic river flow has been used to exam-
ine the effect of river [low on salinity and sea ice in the Arctic
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Fig. 5. Temporal variation of the anomalous seasonal ice cover
and seasonal river flow for the gridbox at the maouth of the

Yeneser during the last seven years of the simulation.
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Northward Sea Ice Mass Flux (10%kg s°')

Fig. 6. Annual cyele of the model’s northward [low of sea ice
through Fram Strait. Based on the last seven years of the

simulation.

Ocean. The coupled model includes a new sea-ice advection
model discussed in a previous section. Although the coupled
model and the river flow do not represent the present
climate system perfectly, there are a number of results that
can be useful for further model development, and for exam-
ining potential physical processes in high latitudes.

Locally. the model shows that river [low does allect sali-
nity at the mouths of large rivers. For the river Yenesei, the
high summer runofflowers the surface salinity at the mouth,
consistent with observations. When the river flow 1s signifi-
cantly higher (lower) than normal, anomalously low (high)
al arca. However, other

salinity occurs in the adjacent coas
physical processes, such as ocean or ice transport, also aflect
the surface salinity.

The model’s corresponding relationships between high
runoft and increased ice cover are less clear. Mysak and
others (1990) found that increased river flow from the Mack-
enzie River is positively correlated with sea-ice extent in the
Beautort Sea. The results of the present study are more sup-
portive of the results of Weatherly (1994) and Weatherly and
Walsh (1996): an ocean—ice model showed that increased
river runofl did not have a significant ellect on sea-ice thick-

Northward Ice Transport (108kg ™)
-------- Northward Surface Wind (m/s) * 30

-60|

-90|

1

-120}

-15 " " " " " mswmsg
[ 10 20 30 40 50 60 70 80 90
Months

Fig. 7. Anomalous [low of sea ice northward through Fram
Strail_for each month of the model simulation. Also shown is
the model’s anamalous nerthward wind speed.
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ness, primarily because the runofl acted to strengthen an
already strong halocline in most regions. They did find a
greater impact on sca-ice thickness when river flow was re-
duced. Of course, ice formation also depends on temper-
ature, which has not been examined here.

The sea-ice advection model developed for this study
was also used to examine anomalous ice flow through Fram
Strait into the Greenland-Iceland Norwegian (GIN) Sca.
The “great salinity” anomaly is an example of a high-lati-
tude phenomenon that has been suggested depends on
anomalies in the Arctic water budget (Dickson and others
1988; Mysak and Power, 1992). The models anomalous
fresh-water inflow to the Arctic was not definitively corre-
lated with sea-ice flow into the GIN Sea. The sea-ice flow
through Fram Strait was highly correlated with the local
meridional wind stress. This is consistent with the results of
Walsh and Chapman (1990), who calculated an atmo-
spheric-pressure index between southern Greenland and
the Arctic Asian coast, and found that its maximum value,
which accurred in the 1960s, was consistent with enhanced
wind forcing of older ice from the Arctic through TFram
Strait. It is also consistent with the results of the model study
of Hikkinen (1993), who [ound that large ice exports from
the Arctic were related to an anomalously strong low-pres-
sure region in the Iceland Sea region, Additional study is
needed to determine whether years of high southward ice
[low are associated with lower surface salinity in the GIN
Sea. This is somewhat difficult to do with this model simul-
ation, because the ice flow through Fram Strait is so low.

The results here are based on a coupled model that in-
corporates many different components of the hydrologic
cycle to examine their interactions at high latitudes. Addi-
tional model improvements and longer simulations are
needed to examine some of these results further and, in par-
ticular, to study interdecadal variability.
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