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Abstract 

The Arctic ice cover has been simulated for the period 1986-1995 with two 
coupled iceocean models, one with low resolution on a small polar stereographic 
plane (PIPSl/O), and one with high resolution on a rotated spherical grid (PIPS2), 
covering all northern hemispheric sea ice. The ice model used was the Hibler ice 
model, and the ocean models were both z-level types with rigid lid. Atmospheric 
forcing was derived from surface fluxes computed by the Navy's NOGAPS global 
atmospheric prediction model. 

We have found greatly diminished ice volumes and concentrations in the summers 
of 1990,1991 and 1993, and a rise in summer values from 1986 to 1988. These trends 
(except for 1991) have recently been observed in SSM/I data. Whereas the winter 
values of total ice concentration showed little interannual variation, the winter ice 
volumes had a large variance. I 

A regional breakdown of the decadal ice volume variation showed marked differ- 
ences between regions. All except the Greenland Sea showed a steady decrease in 
volume: the Chukchi Sea after 1988, the Central Arctic after 1989, and the Beaufort 
Sea after 1990. Ice thickness variations at the pole, ranging from 2.5 to 4 meters, 
agreed well with the submarine observed drafts for most years except 1987. 

The ice drift patterns agreed well with Arctic buoy observations, and showed 
a marked seasonal variation. In the winter, the patterns consisted of a large anti- 
cyclonic gyre covering the Canadian Basin and most of the Eurasian Basin. The 
latter part fed the transpolar stream and the drift through the Ram Stait. In the 
summer, the anti-cyclonic gyre was codned mainly to the Beaufort Sea, and gave 
way to a cyclonic gyre over the Eurasian Basin. 

In the winter, the model with low resolution and weak ocean currents tended to 
have too much ice in the Barents and Greenland Seas. 
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1 Background .R EC E I V E D 
1.1 The CHAMMP Program and the Present Study SEP 2 9 1997 

wsq= 0 In 1991 the U.S. Department of Energy has initiated the CHAMMP (Computer 
ware/Applied Mathematics/Model Physics) modeling program with the goal to develop 
computationally and numerically efficient computer models for the atmosphere-ocean sys- 
tem that represent accurately (or at least as adequately as possible) the processes gov- 
erning climate dynamics [ref lo]. This was done in anticipation of the intensive studies 
expected to take place in the 90’s and the 21st century to study climate as part of the 
more comprehensive Global Change Program [ref 21,221. 

The program focussed on three aspects of the climate simulation problem: (a) compu- 
tational/numerical aspects, (b) model physics verification, and (c) climate predictability. 
The present report is concerned only with this last task. 

We have approached the decadal-century climate simulation problem by performing a 
pilot 10-year study in the Arctic for the period 1986-1995, in which excellent forcing and 
verification data was found to be available. Having tested the physics, parametrization 
schemes, numerical techniques and efficiency of the computational algorithms over this 
relatively short climatic period, we will commence multi-decadal simulations for the 1950- 
2000 period. 

We have shown [Riedlinger and Preller,1994] that monthly-averaged atmospheric fluxes 
are inadequate as forcing for the ice-ocean system (too little ice is produced). This has 
led us to focus on collecting and adapting daily forcing from analyses and GCM-derived 
fluxes produced by various national meteorological centers around the world. 

At the commencement of our studies, the CHAMMP program has included an as- 
sortment of atmospheric and oceanic models, as well as coupled models. However, one 
component of the atmosphere-ocean system, namely the Arctic-Antarctic ice cover, has 
not been specificly addressed. Yet it is a component that will play a significant role in 
any man-made climatic changes, especially in potential global warming situations. The 
Arctic ice-ocean system, being surrounded by developed countries, is liable in addition 
to environmental hazards resulting from polluted river discharges and radioactive and 
non-radioactive oceanic dumps. 

1.2 Importance of the Polar Oceans 
The polar oceans with their ice cover are important components of the global climate 
system. The albedo effects of polar ice and snow, the insulating effects of the ice cover 
against both heat and momentum transfer between polar oceans and atmospheres, and the 
formation of most of the world ocean’s deep waters in these regions, are key processes that 
are likely to be among the first affected by global warming [Aagaard and Carmack,l994], 
and as such should be carefully monitored and modeled in the U.S. Global Change Pro- 
gram. Good summaries of these issues appear in the proceedings of two workshops: (1) an 
NSF-sponsored workshop on Ocean-Atmosphere-Ice Interactions and their role in Global 
Change, held at Lake Arrowhead in March 1990 [ref 51; (2) a workshop sponsored by the 
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Office of the US Global Change Research Program on Earth System Modeling (ref 22). 
Besides the physical oceanography of the polar regions, the NSF workshop also addressed 
the issues of biological productivity of the Arctic shelves, and the cycling of biogenic 
materials in those regions. The role of ice in climate simulations has been looked at by 
Manabe et a1 (1991,1994), Washington and Meehl (1996), and Barry et a1 (1992), and 
discussed in general in the ACSYS report. 

1.3 Recent Ice-Ocean Modeling Studies of the Arctic 
There are many institutions, including operational weather and climate prediction centers 
around the world, that are currently engaged in modeling and predicting Arctic sea ice, 
with various degrees of coupling between the atmosphere, ocean and sea ice. Large-scale 
coupled ice-ocean modeling has been initiated in 1987 with two benchmark works by 
Hibler and Bryan (1987) and Semtner (1987). Both have used the ocean model originally 
developed by Bryan of GFDL/Princeton [Bryan, 19691. Currently, several aspects of 
research on coupled ice-ocean modeling are being pursued, including the testing of new 
ice rheologies, more efficient numerical schemes, algorithms for parallel computers, and 
decadal simulations of the coupled ice-ocean system. 

In particular, different ice rheologies have been tested by Ip et a1 (1991), Flato and 
Hibler (1992,1995) , and Hibler and Schulson (1997) , including ridging and ice thickness 
distributions. New numerical approaches to solve the ice momentum equations with 
nonlinear rheology have been introduced by Zhang and Hibler (1997) and by Hunke and 
Dukowicz (1996). High resolution studies of the Arctic ice-ocean system were carried out 
by Cheng and Preller (1992a7b;1996), Hibler and Zhang (1994), and Zhang et a1 (1996). 

Along the subject matter of this report, decadal and multi-decadal simulations with 
coupled ice-ocean models have been carried out by several authors in recent years. Hakki- 
nen and Mellor (1990) have simulated 100 years of Arctic ice cover variations with a 
coupled 1-D ice-ocean model. With 3-D ice-ocean models, Fleming and Semtner (1991) 
have studied the effect of interannually varying oceans on the ice cover, over a 120-month 
period. Hakkinen (1993) has examined the Arctic ice cover variability as a possible source 
of the Great Salt Anomaly in the years 1955-1975. Riedlinger and Preller (1994), and 
Allard and Piacsek (1996), have looked at the synoptic and seasonal variations of the 
Arctic ice cover in the 1986-1990 period. Hibler and Zhang (1994) have looked at the 
effects of ocean circulation on Arctic ice-margin variations in the 1979-1985 period, while 
Weatherly and Walsh (1996) have studied the effect of precipitation and river runoff in 
the years 1980-1989. 

Efforts are also underway at NASA/GISS on coupled ice-ocean models, using sigma 
coordinates in the vertical and curvilinear coordinates in the horizontal (Hakkinen and 
Mellor, 1992). Work in Hamburg, Germany uses an isopycnal ocean model coupled to the 
Oberhuber ice model (Oberhuber, 1993). Studies of the effect of ice model formulation 
on the global thermohaline circulation has been carried out by Stossel et a1 (1996). 
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1.4 
Some of the recent scientific and developmental efforts at NRL have involved short term 
predictions of ice concentration, ice edge position and ice thickness on a weekly basis, 
using buoy observations and satellite data (SSM/I,AVHRR,etc) as part of the updating 
and verification fields [Preller,1985; Preller and Posey,1989a]. The earlier operational 
prediction models consisted of an Arctic basin ice model called Polar Ice Prediction System 
(PIPS), and two higher resolution (20-25km) regional ice models for the Barents/Kara 
Seas and the Greenland Sea [Preller et al, 19891. These models are forced by GCM winds 
and heat fluxes put out by the Fleet Numerical Meteorology and Oceanography Center 
(FNOC) as well as a climatology of monthly mean oceanic heat fluxes and currents. A 
new ice model has been designed to replace the present operational models. Similar to 
the existing models, this new model uses the Hibler (1979) ice model, but in addition 
it is coupled to the Cox (1984) ocean model. The model is set on a spherical grid that 
has its poles rotated in such a way that the new equator coincides with the Greenwich 
meridian, in order to avoid the polar singularity [Cheng and Preller, 1992al. This model is 
forced by the same GCM winds and heat fluxes as the existing operational models, while 
the ocean currents are relaxed with a 1-year time constant to the climatological values of 
Levitus(l982) at all depth levels except the one adjacent to the surface. 

Specific scientific studies involved research on the effects of spatially and temporally 
variable snowfall rates on ice development [Allard et al, 19961. Two major studies have 
been devoted to the seasonal and interannual changes in the Arctic ice cover and ocean 
structure for the years 1986-1990: one used a coupled ice-ocean model with an advective 
turbulent mixed layer embedded in it [Piacsek et al, 1991; Allard and Piacsek, 19963; the 
other the Cox-Bryan prognostic model, also coupled to the Hibler ice model [Riedlinger 
and Preller, 19911. The Beaufort Gyre reversal in late summer [Preller and Posey, 1989b1 
and the ice drift changes on synoptic (1-5 day) time scales have also been studied [Warn- 
Varnas et al, 19911. 

Since 1992 a collaborative effort has been carried out with Group T-3 of LANL on vali- 
dating with realistic atmospheric forcing ice models utilizing new rheologies and numerical 
techniques. 

NRL Work in Arctic Modeling 
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2 'l'he Goupled Ice-Ucean Models 
Three models have been utilized in this study. The first one, called PIPS1, is essentially 
an ice-only model, located on a polar stereographic grid with Ax = Ay = 127 km. It's 
built around a prognostic version of the Hibler (1979) ice model, assimilates SSM/I data 
by absorbing weekly ice edge information, and uses prescribed oceanic heat fluxes from 
below. The second, called PIPSl/O, is located on the same grid but with a resolution of 
63.5 km. In this model, the Hibler ice model is coupled to a prognostic 3-D oceanic mixed 
layer model called TOPS that the Navy uses for upper ocean prediction (Clancy and 
Martin, 1981). A further input to the model are prescribed geostrophic ocean currents 
that are derived diagnostically from the seasonal Levitus climatology. The third, called 
PIPS2, uses a spherical version of the Hibler ice model, and couples it to a 3-D prognostic 
ocean model with full dynamics (Cox, 1984). It's located on a rotated spherical grid 
with avergae resolution of about .28 deg in the Central Arctic. The horizontal grid for 
the PIPSl/O is shown in Figure 1, with a grid of 94x50 points. The horizontal grid of 
the PIPS2 model is shown in Figure 2, where only every 4th pont of the 360x360 grid is 
shown. 

2.1 The Ice Model 
For ice representation the prognostic dynamic-thermodynamic model of Hibler (1979,1980) 
was used by all three models. 

The equations for ice thickness hi and compactness A are treated as in Hibler (1979), 
together with the Semtner (1976) thermodynamics model for ice growth and decay. In 
these models, the ice cover is approximated by two thickness levels: thin and thick. 
Open water is essentially associated with thin ice growth, and ice cover with thick ice 
growth. The reason for this partitioning lies in the highly diverse ability of thick and 
thin ice for putting heat into the atmosphere, with that of thin ice exceeding the thick ice 
contributions by one or two orders of magnitude. Knowing the compactness A one can 
keep track of each component, but for purposes of momentum balance only the mean or 
equivalent ice thickness is needed. 

The Hibler formulation uses the two-thickness approximation introduced above, with 
Sh giving the net ice growth or decay on open water as well as the additional growth over 
thick ice areas. Sa on the other hand details the way in which the growth and decay of 
ice change the relative areal extents of thin and thick ice. 

The Hibler code was modified to utilize the mixed layer temperatures, freezing tem- 
peratures and oceanic heat fluxes, which were all calculated in the mixed layer model. 
The heat budget routine for the ice included the seven level thickness distribution after 
Walsh et al(1985). 

The NOGAPS forcing fields used to drive the ice model included the surface pressure 
to determine the geostrophic winds, surface air temperature, incoming solar radiation 
(short wave), sensible and evaporative heat flux, and total heat flux. The last three fields 
were used to determine the longwave radiation. 
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medskip The amount of snow cover was assigned monthly values according to Table 
2 of Parkinson and Washington (1979), and was distributed uniformly over the ice. The 
snow cover exerts its greatest influence on the albedo and therefore on the amount of solar 
radiation reaching the ice surface. 

2.2 The PIPS1 Model 
This model, including its operational Navy version, has been described in great detail by 
Preller (1985,1992). Its principal component is the Hibler (1979) prognostic ice model, 
with a simple data assimilation scheme updating the ice concentration on a weekly basis 
[Posey and Preller, 19941. The oceanic heat fluxes from below are prescribed and are 
based on values computed in the study of Hibler and Bryan (1987). The methodology of 
using satellite data in ice prediction models has been described by Preller et a1 (1992). 

2.3 The PIPSl/O Model 
The details of this model are contained in Piacsek et a1 (1991), Warn-Varnas et a1 (1991) 
and Allard and Piacsek (1996). Briefly, in this model the ice and the upper ocean are 
represented prognostically, but the interior ocean is represented diagnostically. The three 
model components interact as follows: the mixed layer and the ice are coupled through a 
two-way interaction via flux boundary conditions (including heat, salt and momentum); 
the mixed layer and the climatological deep ocean are coupled one way only, with the 
circulation model providing horizontal advection currents for the mixed layer. 

To describe the upper layers of the ocean, including the mixed layer under the ice, this 
model uses the TOPS (Thermodynamic Ocean Prediction System) model that has been 
operational at FNOC (Fleet Numerical Meteorology and Ocean Central) in Monterey, CA 
for several years [Clancy and Martin (1981), Clancy and Pollak (1983)l. For this study, 
the model has been modified to extend to the ocean bottom. The TOPS model employs 
the Mellor and Yamada (1974) Level-2.5 turbulence closure method to parametrize the 
vertical eddy fluxes of temperature, salinity and momentum. The vertical grid consists 
of 17 levels from surface to bottom, with the first nine levels resolving approximately the 
upper 100 meters of the ocean. 

The TOPS model is coupled to the Hibler thermodynamic-dynamic ice model as fol- 
lows: the mixed layer model calculates the mixed layer temperature, freezing temperature 
and oceanic heat flux for the ice, while the ice model determines the stress between the 
ice and the water, and the salinity flux under the ice cover. The mixed layer model is also 
coupled to the geostrophic deep ocean model by receiving horizontal advection velocities. 
These geostrophic velocities are obtained in both the surface and deep ocean layers from 
an inverse, &spiral type model, which takes a special account of the topography. 

To find the oceanic heat flux that enters the bottom of the ice, we have followed 
the method of Riedlinger and Warn-Varnas (1990). It is derived by integrating the heat 
transport equation across the mixed layer, and negelcting horizontal variations. The final 
form is given by the equation 

/medskip 
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F, = (STb - 6Tmix) - C w  . Hmix/St 
where Tmix represents the mixed layer temperature, Hmix is the mixed layer depth, 

and Tb is the freezing temperature calculated from the equation 
T b  = -0.O544.Smix $. 273.15. 
where Smix is the mixed layer salinity. Note that the change in the freezing temperature 

6Tb occurs because of variations in the salt content of the mixed layer SSmix. Fw is then 
used in determining the heat balance at the ice-water interface, with qiShi/St = F, - F,, 
where qi is the heat of fusion for ice and F, the heat flux within the ice. 

The geostrophic velocity in both the upper and deeper layers is calculated with the 
inverse method of Peggion (1987), utilizing seasonal density fields derived from the Lev- 
itus (1982) climatological temperature and salinity fields. The model assumes the usual 
hydrostatic and geostrophic approximations. Additional constraints are imposed on the 
density field due to mass conservation and the topography [see Olbers et a1 (1985) for a 
review of these type of models]. The resulting linear equations fitting all constraints to 
the data are solved through a minimization procedure. These fields are then interpolated 
to monthly values from the seasonal results. The computed velocity fields are made non- 
divergent by taking their curl, and then solving for the corresponding stream function via 
a Poisson solver. This is done to avoid unrealistically large vertical velocities which tend 
to occur near solid boundaries or steep topographic features. These anomalous veloci- 
ties are associated with the barotropic part of the solution. Due to this filtering of the 
geostrophic flow, the only up- and downwelling motion left in the model is due to Ekman 
convergence. 

Neither the TOPS model, nor the inverse model contain propagating waves or even 
time-dependent pressure gradients, thus the formulation of the lateral boundary conditions 
becomes straightforward. The inverse model determines boundary velocities depending on 
the value of the density gradient at the boundary. The baroclinic component is usually well 
represented by this model, but the barotropic is not. The TOPS model simply predicts 
the local inertial velocities in each water column, and accepts advective velocities from 
the inverse model, putting on it the "burden of proof' regarding boundary conditions. 

The horizontal grid for the PIPSl/O model is shown in Figure 1. It is defined at 
equal intervals on the polar stereographic projection used for the domain, with a total 
resolution of 94x50 grid points, and a mean grid distance of N 63.5 km. The vertical grid 
contains 17 levels and is stretched, with a resolution that varies from 5m near the surface 
to several hundred meters near the bottom. The resolution is designed to track variations 
in the mixed layer, rather than track variations of the bottom topography. The Levitus 
climatology, which comes on the standard hydrographic grid with 33 levels to 5500m, had 
to be interpolated onto this coarser grid. This grid corresponds to the grid used by the 
PIPS (Polar Ice Prediction System) of the Navy in a daily operational setting [Preller 
(1985)], but with twice the resolution. 

2.4 The PIPS1/02 Model 
This model was constructed to provide prognostic geostrophic currents in the coupled 
PIPSl/O ice-ocean model, using the Cox (1984) 3-D prognostic ocean model. In the 
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studies of Riedlinger and Preller (1991,1994), a resolution of 127 km was used, with 15 
vertical levels, and it simulated the period 1986-1991. 

2.5 The PIPS2 Model 
The development and validation of this coupled ice-ocean model has been described and 
documented in Cheng and Preller (1992a,b; 1996), and Preller and Posey (1994,1996). 
The two main components of the model are the spherical version of the Hibler (1979) ice 
model [Cheng and Preller, 1992,19961, and the 3-D prognostic ocean model (also spherical) 
[Cox (1984)l. The ocean model is based on the work of Bryan (1969)’ and the coupling 
approach follows the method used by Hibler and Bryan (1987). The model is operated 
on a rotated spherical grid of 360x360 grid points, [Fig. 21 where the equator of the new 
grid corresponds to deg longitude. The underlying ocean has 15 vertical levels. 

As was the case with the PIPSl and PIPSl/O models, all atmospheric surface forcing 
and the initial temperature and salinity fields have to be interpolated from their usual 
global grid (1.25 degree for NOGAPS, 1 degree for Levitus) onto the PIPS2 grid. So far 
this has been done in advance of the model run, so very large data files have to be passed 
on when 6-hourly forcing is used for more than one month in single computer runs. For 
display of the results on the normal global spherical grid, the model outputs have to be 
reinterpolated back. 

Though the main use of the PIPS2 model so far has been the daily prediction of ice 
fields, it has also been used for longer term simulations in climate- and environment-related 
problems. During the spin-up of the model, necessary to achieve a cyclo-stationary equi- 
librium from which daily predictions can proceed without false adjustment oscillations, 
usually a continous run of about 5-6 years is required. The results presented in this re- 
port are based on such runs, while testing the model in the 1992-1995 period. Particular 
emphasis in the testing was placed on comparisons with SSM/I microwave imager data 
of ice concentration. 

The general features of the Hibler ice model have been described in Section 2.1. Ad- 
ditional features introduced by the spherical geometry are described in Cheng and Preller 
(1996), as well as in a recent paper by Zhang and Hibler (1997). The most recent version 
of this model is run operationally by the Navy at FNMOC in Monterey, and is aug- 
mented by a data assimilation scheme similar to that of the PIPSl model. It is set up 
to receive daily forcing (3’6’12 or 24-hourly) as generated by the Navy’s NOGAPS global 
atmospheric prdeiction model. 

The Bryan-Cox model has been extensively used for modeling in the ocean oceano- 
graphic community, and only a brief outline of its main features will be given here. The 
model is 3-D and time-dependent, and based on the full nonlinear Navier-Stokes equations 
in the hydrostatic approximation, with an inclusion of the Coriolis force. It also employs 
a rigid lid to filter out fast surface gravity waves that would limit the time step imposed 
by the explicit timne-stepping scheme employed in this model. In the 1984 Cox version 
of the model, vertical mixing was accomplished via prescribed (depth-dependent) eddy 
diffusion coefficients, rather than with a turbulence closure model like in PIPSl/O . 
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Y lvlodel lnitialization and Forcing 
The temperature and salinity fields in the ocean model are initialized from the Levi- 
tus(1982) winter climatology, with the values below 1500m depth blended with the Levi- 
tus annual climatology. During the model integration, a weak depth-dependent relaxation 
is imposed on the temperature and salinity fields to prevent the solutions from developing 
long term biases during long term simulations. The current values of this relaxation time 
are 15 years at the surface and 3 years subsurface. We have also performed simulations 
without the relaxation, and found no significant differences in either the ice thickness or 
the concentration over the period of a few years. 

The ice cover is initialized by specifying a uniform ice cover of 3 meters everywhere 
in the model domain, and setting the ice velocities to zero. During the second year of 
simulation, the ice cover already resembles the final distribution closely. 

The model was forced by 12-hourly atmospheric fluxes derived from the NOGAPS 
global atmospheric prediction model of FNMOC, for the year 1986. The reasons for using 
the 1986 fluxes are threefold: (a) in 1986 good quality ice concentration and buoy velocity 
observations were available to check the model results; (b) the employment of an active, 
turbulent, prognostic mixed layer model required the use of daily, and preferably 6-hourly, 
momentum and heat fluxes for forcing, which are not available from climatology; (c) the 
resolution of the GCM forcing is twice that of the climatology, i.e. 2.5x2.5 degrees rather 
than the 5x5 degrees of Walsh et a1 (1985). A further argument in favor of the GCM 
fluxes is the consistency between momentum, evaporative and sensible heat fluxes since 
they are all derived from a model in which they played an integral role to begin with. 

Figure 3 shows the NOGAPS annual mean wind velocities for the years 1986-1987, 
and Figures 4 and 5 show their seasonal means for the same years. 

In open water regions these fluxes are used directly for the upper boundary conditions 
for temperature and salinity, and wind stress for momentum. If a grid cell is ice-covered, 
the wind stress and the heat fluxes are applied to the ice first, and then the ice-water drag 
is computed to drive the ocean. With the exception of the salt flux, which was specified 
if there was an ice cover, precipitation and evaporation were assumed to be zero for our 
model calculations. 
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4 uiscussion OX Hesults 

4.1 Ice Drift Velocities 
Figures 6 and 7 show the interannual variations in the period 1986-1989 for the winter 
and summer seasons, respectively. Figure 8 shows the mean annual drifts as observed by 
drifting buoys [Rigor,1992; Colony and Rigor,1989] for the period 1979-1990. The main 
characteristic features of the model produced drift patterns are: 

(1) the transpolar drift from the polar regions out through the Fram Strait is evident 
in all seasons and all years; 

(2) the single large anticyclonic gyre covering most of the Arctic Basin is evident only 
in the winter, and is most prominent in 1986 and 1987. 

(3) the double gyre patterns of the summer, occupying more or less the space of the 
large winter gyre, are prominent in all years, with anticyclonic motions covering only the 
Beaufort and Chukchi Seas, and cyclonic motions covering most of the Eurasian Basin. 

The largest velocities in both seasons occurred in 1989, with a maximum drift velocity 
of about 19 cm/sec in the winter and about 10 cm/sec in the summer. The smallest 
winter velocities occurred in 1987, about 8 cm/sec, and the smallest summer velocities 
in 1988, about 6 cm/sec. Since winter velocities are typically a factor of 1.5 to 2.0 times 
larger than summer velocities, we can expect the annual mean drifts to be dominated by 
the winter patterns, and this expectation is borne out when we compare the 12-year mean 
drift patterns of Figure 8 with the winter drift patterns of Figure 6. In Figure 8 much of 
the Arctic is covered by a large anticyclonic gyre. 

4.2 Interannual Variations of Ice Concentrations 
The decadal simulations were started with a 'spin-up' run of 5 years with the 1986 at- 
mospheric forcing, and reached a cyclo-stationary equilibrium in the 5th year. The syn- 
optic and seasonal variabilities of the ice cover observed in the last simulation year were 
detailed in Piacsek et a1 (1991), Riedlinger and Preller (1991) and Warn-Varnas et a1 

The 1986 simulations were followed up by studies of the interannual variability on 
five-year time scales by Allard and Piacsek (1996) with the PIPSl/O model, and by 
Riedlinger and Preller (1994) with the PIPS1/02 model. For this time period, the Navy 
had no SSM/I concentration data available, so a new series of five-year simulations were 
started in 1992 with the PIPS2 model. Meanwhile, we have continued to run the PIPSl/O 
model consecutively from 1986 to 1995 with the Navy's NOGAPS forcing. 

Figure 9 shows the time evolution of the total ice area from 1986-1994, as simulated 
by the PIPSl/O model. There appear to be no significant interannual changes in the 
winter, with the winter of 92 showing the most ice area and 1989 the least. There are, 
however, large variations between the summers. In particular, the summers of 1990, 1991 
and 1993 have particularly low values of total ice concentration, whereas the summers of 
1987-1989, and also that of 1992, have much higher values. The high summer values in 
1992 are especially noteworthy, as they are sandwiched between 3 warm summers. The 

(1991). 
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summer of 1994 is also relatively cool. The mean summer value for the 1986-1990 period 
is 5 . 5 ~ 1 0 ' ~  m2, but for the 1991-1995 period (see also Figure 14) it's 4 . 7 ~ 1 0 ' ~  m2. 

The summer anomalies of 1990 and 1993 have also been noticed by Johannessen et a1 
(1995), in their study of ice concentrations derived from microwave imagers in the 1979- 
1994 period. In the foregoing period of 1979-1987, with ESMR observations, neither they 
nor Gloersen and Campbell (1988,1991) noticed such strong summer anomalies. 

Figure 10 compares the PIPSl/O result with the SSM/I concentrations in the 1992- 
1994 period. These SSM/I concentrations have been derived from the microwave bright- 
ness temperatures as observed by the DMSP F11 satellite, using the Navy's conversion 
algorithm [see Section 3. for comparisons wiht the NASA Team algorithm]. There is 
clearly excess ice produced in the model each winter, particularly in 1992. The low sum- 
mer 1993 anomaly is also noticeable in the SSM/I signal, but the decrease in the model 
ice cover is much more drastic, the discrepancy with the SSM/I being a factor of 1.7. The 
good agreement for the summer of 1992 is probably due to the excess ice in the foregoing 
winter, which masks the tendency of the model to melt too much ice in the summers, 
either because of model deficiency or anomalously warm atmospheric forcing. That it 
may in fact be atmospheric forcing is suggested by the summer behavior of 1994, where 
the spring ice values are near the SSM/I values and the summer agreement is excellent. 

Figures 11,12 and 13 compare the PIPS2 results with the Navy SSM/I concentrations 
for the 1992-94 period. The first simulation, shown in Figure 11, was run with the actual 
daily NOGAPS forcings for all of that period. The second, shown in Figure 12, used the 
actual NOGAPS forcings only for 1992; tual forcings only for 1992; it then switched to a 
hybrid forcing of 93 and 94 94 winds but repeated 92 heat fluxes for the remainder of the 
simulation. Comparing Figures 11 and 12 leads us immediately to suspect the atmospheric 
forcing for this period. Since in 1993 the agreement is excellent with the hybrid forcing, 
whereas the model underpredicts the total ice concentrations in all seasons with the 
actual heat fluxes, we suspect the latter as the main cause of the discrepancies. Fischer 
and Lemke (1994) have looked into this problem by studying the required accuracy of 
atmospheric forcing fields for driving dynamic-t hermodynamic sea ice models. 

Particularly noteworthy is the sudden decrease in ice area on January 1994 as the heat 
fluxes are switched from 1992 to 1994. Figure 13 compares the total ice concentration with 
the total area covered by ice of at least 15 % concentration, as predicted by the PIPS2 
model for the 1992-1995 period. At this moment, we have as yet no explanation for the 
sudden decrease of the total area in January 1995, but note that it even undershoots the 
SSM/I concentrations in the summer, exceeding its values in all previous seasons by 50 
% or more. 

To have a more quantitative feeling for the interannual variations in the 1992-1995 
period, we have overlaid the PIPS2- and SSM/I-derived concentrations in Figures 14 and 
15, respectively. Both the model and imager agree that 1992 had a 'cool' summer, and 
1993 a 'warm' one, as was also noted by Johannessen et a1 (1995). However, the model 
shows the 1994 summer as warm as the one of 1993, but the SSM/I shows it to be almost 
as cool as the 1992 summer. There are also discrepancies in the winter ice area maxima. 
In the SSM/I data, 92 was much warmer than either 93 or 94, whereas PIPS2 shows the 
92 winter to be the coldest. Finally, PIPS2 shows 1995 to be the warmest year in all 
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seasons, whereas (as we shall see in the next section - Figure 16) 95 was a little cooler 
than the 93 summer ’warm anomaly’. 

4.3 Comparison of SSM/I Algorithms and PIPS2 Model 
Figure 16 displays the interannual behavior of the mean ice concentration (mean over 
all areas occupied by ice of at  least 15 % Concentration), for the 1992-1996 period. The 
brown curve represents the Navy’s algorithm, as utilized by FNMOC operationally, for 
converting microwave imager-observed brightness temperatures to ice concentration. The 
green and purple curves represent the NASA Team algorithm as applied to the DMSP 
F11 and F13 satellites, respectively (F11 before July 1995, F13 after March 1995). The 
red curve represents the PIPS2 model results. 

Clearly, there is reasonably good agreement between the PIPS2 model and the NASA 
Team algorithm, especially in the spring and fall seasons, but a large discrepancy in all sea- 
sons with the FNMOC algorithm. Whereas the winter and summer discrepancies between 
PIPS2 and the NASA Algorithm are of order 10 %, the summer and fall disagreements 
with the FNMOC algorithm is of order 30 %. 

Some insight into the source of these discrepancies can be gained by inspecting the ice 
concentration contours for 1 June 1995, depicted in Figure 17 for the F11 NASA algorithm 
(top), the PIPS2 model output (middle) and the Navy algorithm (bottom). The NSIDC 
(NASA algorithm) concentration shows much more structure in the marginal ice zone and 
even the Arctic interior, whereas the FNMOC concentration is almost uniform and close 
to one up to the edge of the ice cover (with some exception in the southern Grenland 
Sea). The PIPS2 model shows more structure in the Central Arctic than NSIDC, and 
more ice in all the marginal zones and seas except the Chukchi Sea. In general, the model 
patterns resemble more closely the NSIDC patterns. 

4.4 Effect of Data Assimilation 
Figure 18 compares the 1992 ice concentrations as computed by the PIPSl model (red, 
with no prognostic oceanic mixed layer), by the PIPSl/O model (blue), and derived from 
SSM/I observations from FNMOC (black). PIPSl produces too much ice in the winter, 
by about 12 %, but PIPSl only by 6 %, indicating that in this case the advantage of 
new concentration information outweighs the loss of vertical oceanic heat transport by 
the mixed layer. 

4.5 NOGAPS and ECMWF Forcing 
Figure 19 compares PIPSl/O model results for total ice area obtained with three different 
forcings from the year 1990: (blue) regular NOGAPS forcing; (black) ECMWF forcing; 
(red) NOGAPS winds but ECMWF heat fluxes. In the hybrid forcing case, the heat 
fluxes dominate over the wind effects. 

Figure 20 compares the NOGAPS and hybrid NOGAPS/ECMWF forcing of Figure 
19 with the PIPSl model result of Figure 18, in the 1992-1993 period. As in Figure 19, 
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there is no difference in the model winters, but the hybrid forcing yields much smaller 
summer concentrations, by about 30 % in 1992 and 12 % in 1993. In 1992, both forcings 
lead to too much winter ice, but only ECMWF leads to too little ice in the summer. In 
1993, both have about the right amount of winter ice but much too little summer ice, by 
about 50 % or so. 

4.6 Geographical Error Distribution 
Figure 21 displays the June 1992 geographical distribution of the (PIPS1)-(SSM/I) con- 
centration differences. Most of the disagreements are confined to the Barents Sea and the 
Fram Strait/northwest Greenland Sea area. These are precisely the areas where we expect 
the warm Norwegian Atlantic Current to make itself felt. However, the low resolution (63 
km) and climatology-dependent ocean currents can not deliver enough heat to the region 
(maximum ocean geostrophic velocities are about 12 cm/sec). Hibler and Zhang (1994) 
have studied in detail the effect of such ocean curents on ice margin variations with a 
model of 40 km resolution. They found two mechanisms controlling most of the ice edge 
variations: oceanic heat advected into the region, and the advection of ice by wind and 
ocean currents. 

To show that this is indeed the case, we depict in Fig. 22 (January) and Fig .23 
(June) the error distribution as obtained with the much higher resolution (about 30 km) 
PIPS2 model. The errors are particularly reduced in the Barents Sea and in the F'ram 
Strait region, precisely where oceanic heat advection and ice advection by winds and ocean 
currents are important, and where the higher resolution computes these effects much more 
accurately. 
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a ice 'L'hickneSS and Volume Variations 
Even more than ice concentration, ice volume and thickness will respond to climatic tem- 
perature and wind variations. At the same time, it is more difficult to obtain verification 
data on these fields, especially on the large scale at synoptic (or even seasonal) time scales. 
Thus models play a crucial role in estimating the interannual variability of these fields, 
while relying on SSM/I concentration data and buoy ice drift observations to validate the 
other aspects of the model's performace. 

Figure 24 depicts the ice thickness distribution for June 1992 on the PIPS2 model 
grid. The thick ice piled upagainst Greenland and the Canadian Archipelago agrees with 
ice thickness distributions estimated from scattered in-situ and from submarine ice draft 
measurements. The ice edge is taken to be where the concentration falls below 15 %. The 
thickness distributions for summer and winter are detailed in Bourke and Garrett (1987) 
and in Bourke and McLaren (1992). 

The interannual variation of the ice thickness at the pole is shown in Figure 25, with 
the blue dots indicating average ice thicknesses estimated from submarine under-ice draft 
measurements within a 50 km radius of the North pole [McLaren, 1989; McLaren et a1 
19941. The agreement between model and observations is quite good except for the year 
1987. We can only speculate as to the cause of the discrepancy in 87: sudden advection 
of thin ice (with possible leads present) into the observation region, or inaccurate wind 
divergence and heat fluxes found in the 1987 NOGAPS fluxes that were forcing the model, 
among others. 

The recent warm bias of the NOGAPS fluxes in the 1993-1995 period is clearly demon- 
strated in the ice thickness variations shown in Figure 26. Each year the modeled polar 
ice thickness is getting smaller, going from a summer value of about 2.5 m in 1992 to a 
summer value of about 1 m in 1995. To actually determine how much of this thinning 
is real or atmospheric forcing-caused, we are planing to repeat these calculations with 
atmospheric fluxes obtained from other sources, including the NMC reanalysis products, 
ECMWF and the British Meteorological Office. 

The interannual variation of the total ice volume for the 1986-1994 period is shown 
in Figure 27. In large measure, the summer variability reflects that of the total ice 
concetnration shown in Figure 9, with large summer ice volumes in 1987-1989 and in 
1992, and small values in the summers of 1991 and 1993. However, the variability of 
the winter ice volumes is much greater than that of the winter ice concentrations, with 
interannual deviations up to 15 %, vs. about 5 % for the concentration. 

It is interesting to note that the polar ice thickness variability (Figure 25) reflects 
poorly on the ice volume variability. To begin with, the seasonal variations are much 
smaller, or altogether missing, in the thickness curve; second, the large volumes in 1986 
and 1993 have no counterpart in the thickness variability. There is accord, however, if one 
looks at the mean annual values, with the largest volumes and thicknesses reached in the 
1989-1990 period, a gradual increase of both thickness and volume taking place between 
1986 and 1990, a gradual decrease of both between 1990 and 1992, and a 'leveling off' of 
both in the 1993-1994 period. 
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The regional variability of the ice volumes in this period is much varied, and is depicted 
in Figure 28. The largest volume is associated with the Central Arctic (blue), and its 
variability follows that of the total volume we have seen in Figure 27. The Beaufort Sea 
(red) variability of the mean annual volume is more or less steady throughout this period, 
with some rise in 1990-1991, and a decline in 1993-1994. The winter values suffer a steady 
decline from 1990 on, whereas the summer values show only the 1993 warm anomaly. The 
Chukchi Sea (green) mean annual volume is steady until about 1989, then descends to a 
new mean value in the 1990-1994 period. There is a slight decline in winter values in this 
latter period, and the summer warm anomalies of 1991 and 1993 are reflected strongly. 

The most interesting is the variation in the Greenland Sea (black), which shows a 
steady increase in the winter volumes from 1987 until 1994, the only region to do so. And 
again in disagrement with other regions, it shows no summer warm anomalies in any of 
the nineties. 
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CI r'igure c;aptions 
Figure 1. Map of the combined Arctic-Greenland Sea area constituting the PIPSl model 
domain. The grid is shown for a 94x50 resolution, with Ax = Ay = 63.5km. 

Figure 2. Domain and grid of the PIPS2 model. Resolution of this rotated spherical 
grid is about .28 deg in the Central Arctic. Every fourth grid point is shown. 

Figure 3. The NOGAPS wind velocities on the PIPSl grid for the years 1986-1987: 
(top) 1986, (bottom) 1987. 

Figure 4. Interannual variations in the winter and spring seasons of the NOGAPS 
wind velocities: (left,top) Winter 1986; (left,bottom) Spring 1986; (right,top) Winter 
1987; (right,bottom) Spring 1987. 

Figure 5. Interannual variations in the summer and fall seasons of the NOGAPS wind 
velocities: (left,top) Summer 1986; (left,bottom) Fall 1986; (right,top) Summer 1987; 
(right,bottom) Fall 1987. 

Figure 6. Interannual variations in the winter season ice drift velocities for the years 
1986-1989: (left , top) 1986; (left, bottom) 1987; (right ,top) 1988; (right, bottom) 1989. 

Figure 7. Interannual variations in the summer season ice drift velocities for the years 
1986-1989: (left , top) 1986; (left , bottom) 1987; (right , top) 1988; (right , bottom) 1989. 

Figure 8, Seasonal mean ice motion derived from drifting buoy data in the 1979-1990 
period [From Rigor 19921. 

Figure 9. Interannual variation of the total Arctic ice area (concentration) for the 
1986-1994 period, as simulated by the PIPSl/O model. 

Figure 10. Interannual variation of the total ice area (Concentration) in the 1992-1994 
period, as observed by the SSM/I microwave imager satellite (red) and modeled by the 
PIPSl/O coupled ice-ocean model (black). 

Figure 11. Interannual variation of the total ice area (concentration) in the 1992-1994 
period, as observed by the SSM/I imager (red) and modeled by the PIPS2 coupled ice- 
ocean model (black). The atmospheric forcing used were the unmodified NOGAPS fluxes 
of this period. 

Figure 12. Interannual variation of the total ice area (concentration) in the 1992-1994 
period, as observed by the SSM/I imager (red) and modeled by the PIPS2 coupled ice- 
ocean model (black. The atmospheric forcing was a hybrid set for 1993, with winds taken 
from NOGAPS 1993 but all heat flux components repeated from 1992. Otherwise all 
NOGAPS forcing for the respective periods. 

Figure 13. Interannual variation of the total ice area in the 1992-1994 period: (green) 
the total ice covered area contained within the ice edges; (red) total ice concentration as 
observed by the SSM/I imager; (black) total ice concentration as modeled by the PIPS2 
coupled ice-ocean model. The atmospheric forcing was that of Figure 11. 

Figure 14. Interannual variation of the total ice area (concentration) as modeled by 
the PIPS2 ice-ocean model, for the 1992-1995 period: (green) 1992; (red) 1993; (blue) 
1994; (cyan) 1995. 
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Figure 15. Interannual variation of the total ice area (concentration) as observed by 
the SSM/I imager, for the 1992-1995 period: (green) 1992; (red) 1993; (blue) 1994; (cyan) 
1995. 

Figure 16. Interannual variation of the total ice area (concentration) in the 1992-1995 
period, as derived from model output and remotely sensed data. (red) model results from 
PIPS2 with NOGAPS forcing; (green) DMSP F11 SSM/I data with the NASA Team 
conversion algorithm from brightness temperatures to concentration; (purple) DMSP F13 
satellite with NASA Team algorithm; (brown) FNOC SSM/I with Navy algorithm. 

Figure 17. Comparison of ice concentration distributions for June 1, 1995: (top) 
as computed by the NASA Team Algorithm from SSM/I data; (middle) PIPS2 model 
output; (bottom) as computed by the FNOC algorithm from SSM/I data. 

Figure 18. Total ice concentration in 1992: (blue) PIPSl/O model results; (red) PIPSl 
model results with assimilation of SSM/I data; (black) SSM/I output (missing data after 
June). 

Figure 19. Total ice concentration in 1990: (blue) PIPSl/O model results with NO- 
GAPS forcing; (red) PIPSl/O model results with NOGAPS forcing and ECMWF heat 
fluxes; (black) PIPSl/O model results with ECMWF forcing. 

Figure 20. Total ice concentration in the 1992-1993 period: (blue) PIPSl/O model 
results with NOGAPS forcing; (red) PIPSl model results with NOGAPS forcing and 
SSM/I data assimilation; (black) PIPSl model results with hybrid forcing, NOGAPS 
winds and ECMWF heat fluxes. 

Figure 21. Contours of (model)-(SSM/I) concentration deviations for the PIPSl model 
with 1992 NOGAPS forcing: average discrepancy for March 1992. 

Figure 22. Contours of (model)-(SSM/I) concentration deviations for the PIPS2 model 
with 1992 NOGAPS forcing: discrepancy on January 1, 1992. 

Figure 23. Contours of (model)-(SSM/I) concentration deviations for the PIPS2 model 
with 1992 NOGAPS forcing: discrepancy for June 1, 1992. 

Figure 24. Ice thickness contours for the PIPS2 model results: mean thickness for 
June, 1992. 

Figure 25. Interannual variability of the polar ice thickness in the 1986-1993 period. 
Results obtained with the PIPSl/O model with NOGAPS forcing, North Pole location. 
Blue dots are submarine-observed ice drafts (McLaren et al, 1994) within 50 km of Pole. 

Figure 26. Interannual variability of the polar ice thickness in the 1992-1995 period. 
Results obtained with the PIPSl/O model with NOGAPS forcing, North Pole location: 
(green) 1992; (red) 1993; (blue) 1994; (cyan) 1995. 

Figure 27. Interannual variability of the total ice volume (m3) in the 1986-1994 period, 
as obtained with the PIPSl/O model with NOGAPS forcing. 

Figure 28. Regional variations of the ice volume in the 1986-1994 period: (blue) 
Central Arctic; (red) Beaufort Sea; (green) Chukchi Sea; (black) Greenland Sea. 

21 



0 c 
'v 

\ 
0 
c1 



(09€ '09E) alU3 73CIOvU O'ZSdld 



NOGAPS GEOSTROPHIC WINDS MAX VEL= 6.15 M/SEC 
A N N U A L  - 8 6  

NOGAPS GEOSTROPHIC WINDS MAX VEL= 6.80 M/SEC 
A N N U A L  - 8 7  

LL; 



w rn 
\ r 
0 

F 
c4 

x 
4 r 
u? a 

3 
5 

u w m 
\ z 

El rn 
\ 
H 

I I  
LI w > 
X 
C z. 

E x 
a 
0 
C 
h rn 
0 w 
u 
m 
a 
0 
u 
0 z 

I 

u w 
in 
\ 
H 

X 
2 
m n 

2 
3= a 
0 
12: 
€- 
ui 
0 w u 
rn a 
4 u 
0 
2 

I 

c3 
z 

LT 
Q 



- rn 
\ 
H 
.-( 

c? 
Lo 

II 
c-7 w > 
X 
4 
H 

m 
Q z 
u 
3: a 
0 
E 
E- m 
0 w 
U 

I 

m a 
4 u 
0 z 

r. 
m 

I 

cz 
W 
H 
I 
3 
v, 

u w 
v) 
\ zi 

cz1 
v1 
\ 
2 
Lo 

0; 

II 
4 
El > 
X 
4 
2 

v) a' 
4 
(3 
0 z 

r- 
03 

I 

II 
Ll w > 

u w m 
\ r 

co 
03 

I 

v) a 
. 4  

U 
0 
z 



u 
M rn 
\ 
E u 

x 
d 

w 
E! 

u w rn 
\ x u 

It > 
E 

0 
el 
H 
9 

G 

E z n 
w 
E 

F 
I I  > 
u 
0 
el w > 

k 

x 
4 x 
E 
c. 
ti 
CI 
w 
9 

c3 w n 



u w 
? 
E 

w 
u, 

. .  



5 .:. 
I .  



Total Ice Area 

J 

1986 - 1994 

N 

4- 
w 
X 

7 

Gq 4 



CJ 
Y 

Y 

E 

PJ 

f 
LLJ 
x 
U 
Q) 

c 

L 

Q 

, 

5 

Total Ice Area 
1992 

PPSI =black 
1994 

SSMI =red 

41 - 



12 

1 1  

9. 
M 

I 

4 
3 

.3 

Total Ice Area 
1992 1994 

_PIPSZ/E =black SSMIZ =red 



Total Ice Area 

1 1 -  

10. 

1992 - 1994 
PIPSZB =black SSMIZ = red 

2-1 --_ 
0 1 J A N 9 2  0 1 JAN93 0 1 JAN94 

D A T E  
C 1 ;AX95 



hl 
* 
* 
E 

CY 

+ 
W 
X 
0 
al 

7 

L 

Q 

Total Ice Area 
1992 - 1995 

PIPS2 = black SSMI =red 

13 

12 

1 1  

10 

6- 

5 -  

4-  

3 -  

2 -  V 
0 1 JAN94 01 JAN95 01 JAN96 01 JAN92 01 JAN93 

D A T E  



c 

1.I 
0 

E 

7 

3 

2 .  

PIPS2 
1992/green 1993/red 1994/cyan 1995/blue 

-I-----.. 
7- ---------~----. ---.--.r-r ._-_.._ ---.-------, 7--- 

0 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 7 1 

M J J A S 0 N D J 
A U U U E c 0 E A 

N t G P T v C N 
9 9 9 9 9 9 9 9 9 

3 3 3 3 3 3 S 3 3 4 

0 0 0 
1 1 1 1 
F M A 
E A P 
€3 R R Y 
9 9 9 
3 3 

D A T E  

. . - . . . 

I (  

, .. ’ : &I (. . .- 



SSMIZ 

D A T E  



a 

0 co 0 
ro 
L 
0 co 0 

d- 



PIPS2 Oceon/lce model 

DMSP F11 SSM/I from NSI 0 IC 

100 

60 

FNOC SSM/I from NIC 



Total Ice Area 
1992 

Pl/red P-O/blue SSMVblack 
' O 1  

c 

E 

7 

6 

5 

4 

3 ~- , --------- 
01 JAN92 31 JAN92 01 MAR92 31 MAR92 30APR92 30UAY92 29~ci iu92 

D A T E  



Total Ice Area 
1990 

NG/blue NG-ECMW/red ECMW/black 
10 

9 

8 

hl - 
-1- 7 
w 
x 

L 

Q 

I---..- -.--- I-. ,----, ~-r--------.#-----.--r"ll- I- 

3 .I-- 
0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 I 1 1 1 1 1 1 1 1 1 

J F M A M J J A S 0 N n . I  
A 
N 
9 
0 

I 

E 
B 
9 
0 

A 
R 
9 
0 

P 
R 
9 
0 

A 
Y 
9 
0 

U U U 
N L G 
9 9 9 
0 0 0 

D A T E  

- 
E 
P 
9 
0 

- 
C 
T 
9 
0 

. -  
0 
v 
9 
0 

L., 

F c 
9 
0 

" 
A 
N 
9 
1 



Total Ice Area 
1992 - 1993 

PI  -NG/red 131/O-NG/blue PI/O-NG--ECMN/black 

hl 

4- 
w 
X 

c 

CI 
Q) 

L 

6 

---7-----T----? p'- -;--7--7 

O O O O o O O O O O O O O O O O O O o O o o ~ o o  
i i ~ i i i i i i i i i 1 1 1 1 1 1 1 1 i i 1 ~ 1  
J F M A M J J A S O N D J F - M A M J J A S O N D J  
A E A P A U U U E C O E A E A P A U U U E C [ j E A  
N B R R Y N L G P T V C N B I? R Y N 1.- G P 1 V (3 N 
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9  
2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 4  

D A T E  



S 

0 
n 

P- 
d 

P- 
C 

c 

Q 
c 

n u-2 ix 
c 
id 
1% 
w 



c: 0 .a; c 



I 

I 

! 
I 

y. 



1.25 
1 .oo 
0.75 



E 

0 -  

4 
n 

E 
W 

-----I I.---- ----I---------"- T- ------I---- --.-.- ---*- ----- 

Ice Thickness at the Pole 
1986 - 1993 

a$ Blue Dots: Submorine Data 

Qb 



Ice Thickness 
1992/green 1993/red 1994blue 1995/cyan 

m 

c.25 7 
I 

D A T E  



Total Ice Volume 
1986 - 1992 

. -  



Regional Ice Volumes in Arctic 
1986 - 1994 

Beaufort (2mtral Chukchi Greenland 

0 c 0 0 0 
I f 1 1 1 
J J J J J 
A A A h A 
N N N F\i N 

9 8 €3 a 6 
6 7 8 9 v 

t .1 

n 


