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EXECUTIVE SUMMARY

The arctic is a unique and hazardous operating environment. Sea ice, together with the cold
and dark specific to the region, are the major hazards affecting Naval operations there. Because the
arctic has become a principal strategic location, knowledge and prediction of sea-ice conditions and
the ability to cope with them have become essential. Unfortunately, most studies to date of sea ice
processes have been general in character, a result of the complexities of working in the arctic.
Naval operational activities in the arctic require a detailed knowledge of the various modes of sea
ice motion and their spatial and temporal variations. Thus, a critical need exists to determine the
space and time scales over which modes of sea ice motion occur.

- In this repo?,\'_i‘ce kinematics are described in terms of the 5 basic modes of motion: diver-
gence (D), vorticity ({), deformation rate (T), and ice translation (U). Seasonal time histories of
these ice kinematic parameters (IKP) were calculated using position data from drifting buoys in the
arctic during May, Auggst’ and Novémber»1979. @hefgesulm were used to determine seasonal space
and time scales of D, ¢, T, and translation speed variations in the arctic. An e-folding scale is used
as a measure of‘theé temporal coherency. Spatial variability is defined in terms of the degree of
similarity between the magnitudes of a parameter at various locations. PRy,

Results of seasonal space and time scale analyses indicate that<thepdivergence was the most
temporally and spatially variable of the IKP for all seasons. <Thé-translation speed was the most
consistent in space and time. ‘It was found ataignif icant variations in divergence occurred in some
areas on the order of 110 km and within hours. In contrast, significant variations in the transla-
tion speed occurred in some areas on the order of 705 km and over a period as great as 80 hours.

! The information obtained in this analysis is appropriate for-th€»setup of numerical simula-
tions of ice motion. The Navy's Polar Ice Prediction System (PIPS) is the only operational system
which can furnish predictive ice kinematic information throughout the arctic. To provide useful
operational information, the PIPS must be run at the appropriate space and time scales.; The results
obtained in this study are discussed in terms of how the grid size and time step of the PIPS may be
altered such that, on the average, critical ice motion characteristics will be resolved. Although it is
felt that the PIPS grid size is appropriate, the time scale analysis indicates a need to decrease the
time step of the model. '

NOMENCLATURE
D (Divergence) - the change in the size of the parcel (without an orientation or shape change).
¢ (Vorticity) - the change in the orientation of the parcel (without a shape or size change).
T (Deformation rate) - the change in the shape of the parcel (without a size or orientation change).
U (Translation speed) - the net displacement per unit time of an ice parcel.

eT (e-folding time) - time lag (hours) at which the autocorrelation of an ice kinematic parameter
drops to e 120.36.

L - the distance (km) between two locations beyond which the average similarity between IKP at
the locations is approximately constant.

Smin - the constant, minimum average similarity associated with the distance L.
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1. INTRODUCTION

The arctic is a principal area for ice re-
search because of its economical resources and
strategic location. Since man’s scientific, mili-
tary, and economical interests in the arctic have
grown, knowledge and prediction of sea-ice
conditions and the ability to cope with them
have become essential. Accurate forecasting of
sea-ice behavior, for example, is indispensable
to military and offshore exploration operations.
As a result, much research has been aimed at
understanding the processes affecting sea ice
and its distribution in the arctic.

In order to prepare for specific condi-
tions in an environment, one must determine
the modes of motion in the environment.
Kinematic analysis is one of the most basic
methods of defining sea-ice processes. The ba-
sic modes of motion for a parcel of ice are
translation, divergence (area change), vorticity
(rotation rate), and deformation (related to
shape changes). These ice kinematic parameters
(IKP) are particularly important in an ice-
infested environment due to the variations in
sea-ice loading that each variable causes. Also,
the IKP are related to other important physical
phenomena. For example, ice convergence is
associated with ridging, which can produce
thick multi-year ice floes and much under-ice
noise. Ice divergence is also associated with
lead formation, which can greatly modify polar
atmospheric heat fluxes.

Our knowledge of sea-ice processes and
ice kinematics has been substantially enhanced
over the last 5 or 10 years. A great amount of
research in this area has already been per-
formed in the arctic, and these studies have
provided valuable insights into ice motion and
related phenomena. Hibler (1974) used kine-
matic analysis results to point out that sea ice
tends to diverge under atmospheric lows during
summer but converge under lows during winter.
McPhee (1978) used kinematic analysis to quan-
tify lower frequency ice divergence, rotation,
and deformation rates in the Beaufort Sea.
Lewis and Denner (1986) extended McPhee's
work to quantify the seasonal variance of ice
translation rate, divergence, rotation rate, and
deformation rate. Moreover, their analysis re-
sulted in the general description of summer-
time ice motion in terms of inertial oscillations

plus a background mode forced by the synoptic
winds.

The results of such kinematic analyses
have been very general in character. Opera-
tional activities in the arctic require a more
detailed knowledge of a given parameter and its
variations. Therefore, a critical need exists to
establish the time and space scales over which
sea ice and sea-ice processes vary. These scales
indicate the coherency of a parameter both in
time at a given location and in space within a
given region. The scales are a function of ice
characteristics and of the response of ice to
particular forcings. As the characteristics of ice
and/or forcing vary, so do the associated scales.
As such, one might expect to observe seasonal
and regional variations in the scales. Such
scales are important for military operations,
establishing design criteria, aiding in the set up
and/or verification of numerical simulations of
ice motion, and guidance in developing future
studies and monitoring systems.

Space and time scales can also be
important in determining ice characteristics and
the relative importance of various modes of ice
motion in a region. Knowledge of space and
time scales can aid in identifying the causes of
regional differences and be used to delineate
seasonal boundaries between regions. More-
over, regions with similar space and time scales
most likely have the same ice characteristics and
the same relative importance of the modes of
ice motion. Findings concerning ice character-
istics and ice motion mechanisms could, there-
fore, be extrapolated from one region to other
similar regions.

In this study, ice pack kinematics are
based on the motion of ice parcels. The ice
kinematics are defined as the translation of a
parcel of the ice pack as well as any rotation,
area change, or deformation that occurs during
the translation (Fig. 1). We define the fol-
lowing four independent components of motion
as ice kinematic parameters (IKP): translation
(U), vorticity (¢), divergence (D), and -deforma-
tion rate (T). These parameters are interpreted
as follows:

U - the net displacement per unit time
of the parcel,

¢ - the change in the orientation of the
parcel (without a shape or size
change),
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Fig. 1. Mathematical and physical definitions of the four basic components of the motion of a par-
cel of ice. The closed integral is about the perimeter of the ice parcel (with area A), the velocity
vector is that along the perimeter, and the unit vectors n: are the outward normal (nl,nz) fori=1,
the cyclonic parallel (-ny,n;) fori= 2, (ny,-n,) for i = 3, and (ny,ny) for i = 4,
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D - the change in the size of the parcel
(without an orientation or
shape change), and

T - the change in the shape of the par-
cel (without a size or orientation
change).

The last three parameters are referred to as the
differential kinematic parameters (DKP) and
describe relative motion within the ice parcel as
it translates. In addition, the speed at whicfn
the ice parcel translates is defined as (u2+v?)*,
where u and v are the components of velocity.

The utility of the kinematic analysis is
that each mode of motion has a specific physi-
cal interpretation. The divergence, for ex-
ample, is related to lead and ridge formation.
Translation speed is related to the ice parcel
moving through the water. The shape changes
caused by deformation are associated with the
rearrangement of individual floes within the ice
parcel.

Because each mode of ice motion affects
all forms of operation in the arctic, it is neces-
sary to determine the spatial and temporal scales
over which ice motion occurs. Such scales in-
dicate the coherency of each mode of motion
both in time at a given location and in space
within a given region. They are also important
in determining ice characteristics and the rela-
tive importance of various modes of ice motion
in a region. To date, few studies of space and
time scales of sea-ice processes in the arctic
have been performed. Lewis and Denner (1986)
determined the seasonal time scales of the IKP
in the Beaufort Sea for spring, summer, and fall
1975 and winter 1976. Their results (Fig. 2)
indicated that, for each season, the divergence
always had a small time scale. They found
maximum time scales of the order of 12 hours
for divergence, 20 hours for vorticity, and 30
hours for deformation rate. The magnitudes of
the variations of the IKP were represented in
terms of the standard deviation about the IKP
mean. In all cases, the variations were much
larger than the means and suggested that
movement by any mode of motion for all sea-
sons was never insignificant.

With respect to space scales, Colony and
Thorndike (1980) calculated the coherence of
summer ice speed in the Beaufort Sea. Con-
sidering the spatial variability of summer ice
movement, they found that synoptic ice motion
on the scale of ~100 km was highly coherent

(squared coherence of ~0.9). The coherency of
inertial ice motion was of the order of 0.65.

The above investigations into the space
and time scales of ice motion in the arctic were
confined to the Beaufort Sea. To date, the only
study of space and time scales using data from
throughout the arctic was done by Thorndike
(1986). He used 1979 drifter data for the cen-
tral arctic basin, and the results are given in
Fig. 3 and Table 1. One sees that the temporal
correlation falls to about 0.7 after one day, 0.4
after two days, and decreases slowly at longer
lags (Fig. 3). The spatial autocorrelation of
velocity (Table 1) shows a relatively high co-
herency out to 200 km.

In the present study, position data from
buoys drifting on ice were used to calculate
seasonal time histories of IKP for regions cov-
ering a large portion of the arctic. This was
done using May, August, and November buoy
position data from 1979. The study areas cov-
ered by the data range in size from 178 x 103
km? in fall to 272 x 10% km? in the spring.
The IKP time histories were then used to cal-
culate seasonal space and time scales for the
speed (rather than velocity), divergence, vortic-
ity, and deformation rate in the corresponding
study regions.

Distance (km) Bi I By
0 1.00 1.00
100 0.98 0.95
200 0.91 0.84
400 0.68 0.51
800 0.37 0.06
1200 0.19 -0.09
1600 0.10 -0.10
2000 0.01 -0.06
2400 0.00 0.00

Table 1. Spatial correlation functions for sea-
ice velocity (from Thorndike, 1986). B ‘(r) is
the correlation between the componeJx s of
velocity parallel to the line joining two points
separated by a distance r. B (r) is the correla-
tion between the components of velocitv per-
pendicular to that line.
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2. DATA

As part of the United States’ contribu-
tion to the First GARP Global Experiment, an
array of automatic data buoys was deployed in
the arctic early in 1979. The data transmitted
by the buoys were received by the TIROS-N
and NOAA-A satellites, retransmitted to re-
ceiving stations on earth, and relayed to Service
Argos in Toulouse, France. Screening of the
data by Service Argos indicated that over two-
thirds of the measured buoy positions fell
within 300 m of their true locations. There-
fore, in the present analysis, position mea-
surements were assumed to have a root mean
square (rms) position error of 500 m. The data
used in this study include the time histories of
the positions of those drifting buoys. Position
data during May, August, and November 1979
were chosen to represent spring, summer, and
fall conditions, respectively. The study areas
were delineated only by those buoys which
transmitted data during the entire months of
May, August, and November. (Unfortunately,

the position data for the winter of 1979 were
too sparse and too widely separated to ade-
quately compose a study region for that season.)

The approximate areas of the regions
delimited by the buoys during spring, summer,
and fall are denoted by the shaded areas in Fig.
4. The coordinate system has its origin at the
North Pole, its x axis coincident with the
Greenwich meridian, and its y axis coincident
with the 90°E meridian. Time histories of the u
and v velocity components were calculated for
each buoy comprising the study area. This was
done to test for anomalously large velocity or
acceleration values, indicators of erroneous po-
sition data. Spurious data points were elimi-
nated from the position data. In addition,
buoys whose data records were composed of
more than 1/3 faulty data were not used. A
spline fit was then performed on the position
data to obtain fixes at three hour intervals
during May, August, and November 1979,
These data were then used in the kinematic
calculations.
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Fig. 4. Approximate study areas covered by the data for a) May, b) August, and ¢) November of
1979. The areas are delimited using buoy positions on the first day of the month. Contours are of
atmospheric surface pressure at 1200 GMT.
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3. TECHNICAL APPROACH

n

Within each study area, the population
of buoys was large enough to form a number of
regions, each containing at least four buoys.
These areas ranged in size from 15.8 x 103 km?
to 61.5 x 103 km3. The spring, summer, and
fall study areas were partitioned into 18, 15,
and 11 regions (or ice parcels), respectively.
The 3 hour position data of each buoy were
used to calculate the time histories of the IKP.
The model used to calculate the IKP was devel-
oped following Molinari and Kirwan (1975) and
Okubo and Ebbesmeyer (1976).

Examples of time series of the ice di-
vergence and vorticity during spring, summer,
and fall 1979 are shown in Figs. 5-7. The ice
parcel from which these calculations were made
was delineated by 5 buoys located in the central
Beaufort Sea in the spring and summer and 4
buoys in the fall. The kinematic results provide
an interesting contrast to those of Lewis and
Denner (1986) (also shown in Figs. 5-7). Lewis
and Denner calculated the time histories of the
DKP for an ice parcel delineated by manned
camps in the central Beaufort Sea during 1975.
The area encompassed by the manned camps
was approximately 8.3 x 103 km? during each
season. Calculations done in the present analy-
sis show that, during fall 1979, all modes of ice
motion were very energetic, The oscillations of
the ice kinematics were much higher in fre-
quency and larger in amplitude during the fall
than during the spring or summer of 1979.
Amplitude variations of the ice kinematics
during summer appear to be slightly larger than
those during spring for all modes of motion.
The frequency of oscillation of the ice kine-
matics appears to be similar during spring and
summer. In contrast, the oscillations of the ice
kinematics during early summer 1975 became
higher in frequency and larger in amplitude
(Fig. 6). Motion at the inertial frequency was
very energetic. The kinematics for the fall of
1975 had longer period and smaller amplitude
oscillations (Fig. 7).

The most intriguing aspect of the com-
parison between the two years is that the arctic
fall conditions during 1979 apparently assumed
characteristics similar to the summer of 1975.
The causes for the differences between the two
years is discussed in detail by Lewis et al.
(1988).

11

Time Scales

To consider scales of temporal varia-
tions, the autocorrelations of the IKP were
calculated using the spring, summer, and fall
time histories of the IKP. One should recall
that the IKP, when used in conjunction with
space and time scales, includes the speed of the
ice parcel instead of the velocity. The time
scale of the variations in the IKP was defined
as that time lag at which the autocorrelation
dropped to e 1~0.36 (e-folding scale). This al-
lowed us to define a seasonal e-folding time,
eT, for each IKP. The eT indicates the average
time at which one could expect significant
variations in the IKP at a given location and
season. The e-folding time scales can be
thought of in terms of persistence, with longer
e-folding times implying a slower rate of
change in the variable. If the calculations did
not show a correlation dropping below e™! for
up to three days time lag (at 3 hour intervals),
80 hours was used as the er- In addition, each
et was associated with the average position of
the centroid of the corresponding cluster of
buoys. From this information, two-dimensional
contour maps of seasonal e-r’s for each IKP
were produced.

Time varying oscillations can be con-
sidered in terms of the magnitude of the varia-
tions and how rapidly these variations occur.
The ec's are a measure of the time scales on
which these variations occur. In order to in-
tercompare the er’s, it is necessary to ensure
that the magnitudes of the variations are com-
parable as well (i.e., of the same size). Inter-
comparisons of IKP time scales have little
meaning when the magnitudes of the IKP vari-
ations are significantly different from one re-
gion to the next. There is the possibility that
the magnitudes of the variations of ice kine-
matics in one region are insignificant in com-
parison with kinematics from other regions. In
such a case, a comparison of regional e-folding
scales or two-dimensional contour maps have
questionable meanings. To confirm that the
calculated e-folding scales were true indications
of sea ice motion with similar magnitudes of
temporal oscillations, the variances of the IKP
of all the ice parcels were calculated and com-
pared. It was found that the time-varying
oscillations of the IKP for each season had sim-
ilar variance magnitudes (Table 2). Thus, based
on the results in Table 2, the time scales for
every cluster can be readily intercompared.
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Space Scales regional variations of these scales were ex- ..*:
® The spatial autocorrelation of a parame- pected. Therefore, we attempted to determine "‘
ter is a measure of how well the pattern of regions with IKP’s that had similar curves of S o
variations of the parameter is correlated with vs distance. However, the results suggested that 3
distance. However, the autocorrelation gives no distinct regions of spatial coherence within the ,'::‘
indication of the magnitude of the changes of arctic could not be defined. We, therefore, lo‘.
the parameter with distance.  Because we considered the entire arctic as one region in e
® wanted to quantify the variations in the mag- performing the seasonal space scale analysis of &
nitude of the IKP, we, therefore, did not use the IKP. !
spatial autocorrelations. Instead, we considered ;:'_:;
spatial sirnilarities of the IKP. o
The spatial similarity is defined as the o
degree of similarity (1.0 being identical) be- o
® tween the values of an IKP at two locations. VARIANCE . a
Let P, and P, be defined as values of an IKP 3
at positions 1 and 2, respectively. We define SPRING SUMMER FALL ,.
the spatial similarity, S, as the average for all it
observations of the value D 2-16 5-19 11-35 o
¢ 8-43 17-43 24-116 it
Min( | Py |, |P,|)/Max(|P;[,|Py]) T 6-18 5-20 9-40 '!
U 6-21 5-20 12-44 iy
when P; and P, have the same sign. Thus, S is :::
a measure of the average change in P (in terms "s
of a ratio) with distance. The space scale of Table 2. Ranges of magnitude variations (in “(:
variations is defined as that distance at which terms of variances about the means) of the b,
PY the spatial similarity for an IKP dropped to a kinematic parameters for all ice parcels present 2
value of 0.6. during spring, summer, and fall 1979. Units boy
Because space scales are a function of are 10715/s2 for D, T, and ¢ and 107¢ m2/s? for \:"_
ice characteristics and forcing, seasonal and U. A
t~ "
h W
L J
1)
3
N
N
e
o
Y
Q A
4
o
£ ]
ey
fel
R
'l
s
»
)
=
NG
Ny
. S
'~ —— .
Science Applicetions T
international Corporation >
~
A Y N, P, e R G P AR O T RIS AR R SRR B, S N e PR RN A T AT T,



1.5E-6

DIVERGENCE (S—1)
o
e

DIVERGENCE (S—1)
o
-

SPRING 1975

1.5E-6

=1.5E=6 -+t NI FTTURT DU
120 130 140 150
TIME (JULIAN DAYS)
1.5E-6
SPRING 1875
T
<
& 0.0 A
O
: \
[+ 4
o
>
=1.5E=6 4+t aRaanan o e man e s
120 130 140 150

TIME (JULIAN DAYS)

SPRING 1978

=1.5E~=8 Fttttttts bttt ettt
120 130 140 150
TIME (JULIAN DAYS)
1.5E~6
SPRING 1979
=
llﬂ +
~
E 0.0 fv\\
1
=
% 4
>
=1 SE =8 --tttttitfbmtmttitt T I SO
120 130 140 150

TIME (JULIAN DAYS)

Y




1.5E-6

DIVERGENCE (S—1)
Q
o

~

|

n

e’

& 0.0

=

-

¢ 4

=

>
-1.5E-6

DIVERGENCE (S—1)
o
—

SUMMER

1815

1 .SE"S

14

SUMMER 1978

220
TIME (JULIAN DAYS)

:

= § (S E =5 ittt ettt tetiite] m= | B E e 6 fetmtetmttttott ittt
210 220 230 240 210 220 230 240
TIME (JULIAN DAYS) TIME (JULIAN DAYS)
1.5E-6 1.5E-6
SUMMER ]} 975 SUMMER 1979

220
TIME (JULIAN DAYS)

Fig. 6. Time histories of divergence and vorticity in the Beaufort Sea from Lewis and Denner
(1986) (left) and from this study (right) for August.

......

LAY

"
»

.! .. e, ..O.‘t‘ ..l .l -

[ N &
OO O

-----

Shlc. —
iteascr Goporetin

~
1t D X

-



U LW e gt YRR L I RO LA AL VN Y VY gt a1y gVa e BV, B5s AV 6°8 070 V0 80 000 4 gl tn 0500 0.0 0 ¢ (0.0 1,8 b e
15
1.5E-6 1.5E-6
FALL 1975 FALL 1979
~ -
T ]
L L
L [N}
$ 0.0- © 0.0-
L Lad
O O
o | - }
> >
=) a
=1.5E~=6 +++-tt-ttte  SABEEERA bttt -ttt = | SE=6 f=t-ttts ettt
300 310 320 330 300 310 320 330
TIME (JULIAN DAYS) TIME (JULIAN DAYS)
1.5E-6 1.5E-6
FALL 1975 FALL 1879
-~ ~
| I
() v
e’ e’
& 0.0 £ 0.0
o O
5 5 | |
> >
] (S E = B ettt dmtmtottt=t ottt ttttd == | B o § fetttmbtittftmiit fetettttmtmttt=}
300 310 320 330 300 310 320 330
TIME (JULIAN DAYS) TIME (JULIAN DAYS)
Fig. 7. Time histories of divergence and vorticity in the Beaufort Sea from Lewis and Denner
(1986) (left) and from this study (right) for November.
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4. RESULTS
Time Scales

Divergence appears to have had a large
temporal variability during all seasons, with the
smallest ep’s being ~2 hours for each season
(Table 3). During the spring, divergence un-
derwent its widest range in temporal consis-
tency, from 2.3 to 26.8 hours. Within the study
areas, the coherency in time of the divergence
appears to have generally decreased slightly
from spring to fall. For all seasons, low ex’s of
divergence were prevalent over the central por-
tions of each study area (Figs. 8a-8c). Towards
the vicinity of the North Pole and the central
arctic, the divergence was more consistent in
time.

Vorticity had a distinctly larger temporal
coherency for all seasons than did the diver-
gence. Vorticity time scales had a range of 8.0
to 80.0 hours from May to November. The
smallest et for vorticity (8.0 hours) occurred
during spring and the largest (80.0 hours) dur-
ing summer (Table 3). The temporal consis-
tency of the vorticity within the study areas
gradually increased from spring to fall. Areas
of larger ex's of vorticity (temporally consis-
tent) varied from one season to the next (Figs.
9a-9c).

Temporal variations in the deformation
from May to November yielded a range of er’s
from 2.7 to 32.8 hours (Table 3). The smallest
et occurred during fall and the largest during
spring. From spring to summer, the temporal
coherency of the deformation generally de-
creased nearly two-fold. There was then a
slight increase from summer to fall. Lower e’
of deformation occurred in the southern Beau-
fort Sea and the vicinity of the North Pole
during spring and summer (Figs. 10a-10b).
However, this trend was not very pronounced.
During the fall the largest e+'s of deformation
occurred in the vicinity of 78°N, 158°W at the
south-western edge of the study area (Fig. 10¢c).

From spring to fall, ex's for the ice
parcel translation speed ranged from 13.0 to
80.0 hours (Table 3). Near the North Pole, the
temporal coherency of speed decreased
markedly from spring to summer and then in-
creased slightly from summer to fall (Figs. Ila-
11c). The spatial structure of the speed was
similar to that of the deformation in fall and
summer. During the fall, the largest er's oc-
curred at the south-western edge of the study

16
Spring Summer Eall

D 2.3 -268 2.6 - 152 1.7- 10.1

¢ 8.0 - 385 9.2 - 80.0 20. - 46.1

T 10.2 - 328 49 - 159 2.7-243

U 149 - 800 13.0-315 21.3-274

Table 3. Range of e-folding times (in hours)
for each ice kinematic parameter Juring each
season. An e-folding time of 80 hours implies
that the temporal autocorrelation never fell be-
low e™1,

area, while the lowest values were present in
the vicinity of the North Pole during the sum-
mer (Fig. 11b-11c). However, during spring
the largest er's of speed were found in the
central arctic and near the North Pole (Fig.
11a).

Space Scales

Spatial similarities of the IKP were de-
termined as functions of distance. The length
scale for each IKP is defined as that distance at
which the spatial similarity fell to 0.6. These
scales for each IKP and season are given in
Table 4.

The length scales given in Table 4 pro-
vide interesting information on the IKP during
spring, summer, and fall 1979. One sees that
the divergence had the largest spatial variability
of all the kinematic parameters considered, with
space scale values ranging from 100 to 200 km.
The lowest similarity occurred during summer,
with significant variations having a scale of
~100 km. From these results, as well as from
the results of the time scale analyses, we see
that the divergence is the most spatially and
temporally incoherent of the IKP.

In contrast, results in Table 4 indicate
that speed was the most spatially consistent of
the IKP, with space scale values ranging from
650 to 700 km. During summer, the spatial
similarity in speed was at its greatest value.
The variabilities during the spring and fall were
nearly equal and slightly larger than that of
summer,

The deformation rate also had high spa-
tial coherency, particularly during spring. The
range of space scale values was from 650 km in
spring to 400 km in fall. A gradual increase in
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Springe  Summer = [Fall

D 195 110 160
¢ 345 280 295
T 640 520 415
U 660 705 665

Table 4. Length scales (in km) for the ice
kinematic parameters for each season.

spatial variability occurred from spring to fall
1979.

The vorticity had small length scales in
comparison with those of speed and deforma-
tion rate. Values ranged from ~300 km in
summer to 350 km in spring. There was an
increase in spatial variability from spring to
summer and then a gradual decrease from sum-
mer to fall.

An interesting point can be noted about
the plots of similarity as a function of distance
(Figs. 12-14). Beyond a given distance L, the
average spatial similarity for each IKP appears
to be nearly constant. Thus, for a given IKP,
the minimum average similarity between the
IKP at two locations is reached when the lo-
cations have a separation of at least L. The
value L may be defined as the distance between
two locations beyond which the average simi-
larity between IKP at the locations is ap-
proximately constant and at a minimum.

We define S in 85 the constant, mini-
mum average similarity associated with the dis-
tance L. One sees that, for a given IKP, the
Smin’s and the L’s are nearly equivalent during
spring, summer, and fall (Figs. 12-14). For
example, during spring, summer, and fall, the
S in for vorticity is approximately 0.47, and
the value of L is about 575 km. Table 5 gives
values of S and L for each IKP for each
season.

min

The magnitudes of the Smin Vvalues
shown in Table 5 suggest a simple explanation
for this characteristic in the similarity plots (A.
Thorndike, personal communication). Suppose
we have a variable X which is uniformly
distribute © over the interval (a,b). It can be
shown wat the mean similarity of sets of
independent samples of X from the interval
(a,b) has a value of 0.5. The similarities of all
the IKP also tend toward a value of 0.5, but at
different distances for each variable. Thus, a
simple interpretation of this phenomena is that,
at distances > L, the spatial variations of the
IKP can be considered nearly uniformly dis-
tributed. Geophysically, this implies that L is
beyond the range at which one can detect, in
the mean, a distinct trend in the spatial distri-
bution of the IKP. As expected from the space
scale results, ice pack divergence has the
smallest L scale, being ~475 km. The trend for
larger L scales for vorticity, then deformation,
and then speed is followed, with the ice speed
having an L scale of ~825 km.

Smin Soring Summer Eall
D 0.42 0.43 0.43
¢ 0.48 0.47 0.46
T 0.56 0.55 0.55
U 0.58 0.56 0.59

L (km)
D 478 469 475
' 560 575 590
T 625 630 628
U 810 830 849

Table 5. Values of Smin and L for each IKP
during each season.
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Fig. 8b. Contour map of the e-folding time scales of divergence across the study area during
August 1979,
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Fig. 9c. Contour map of the e-folding time scales of vorticity across the study area during
November 1979.
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5. SUMMARY AND CONCLUSIONS

Ice kinematics can be described in terms
of the 5 basic modes of motion: divergence (D),
vorticity (¢), deformation rate (T), and ice
translation (U). In this study, seasonal time
histories of these ice kinematic parameters
(IKP) were calculated using position data from
drifting buoys in the arctic during May,
August, and November 1979. The resuilts were
used to determine seasonal space and time scales
of D, ¢, T, and translation speed variations in
the arctic. An e-folding scale was used as a
measure of the temporal coherency. Spatial
variability was defined in terms of the degree
of similarity between the magnitudes of a pa-
rameter at two locations.

The results of the seasonal space and
time scale analyses are given in Figs. 8-11 and
Tables 2 and 4. In general, the divergence was
the most temporally and spatially variable of
the IKP during spring, summer, and fall. In
contrast, the translation speed showed the
highest degree of temporal and spatial co-
herency during all seasons.

Sea-ice kinematics can be determined
using observed ice motion or numerical models.
To date, the Navy's Polar Ice Prediction System
(PIPS) is the only operational system which can
provide predictive ice kinematic information
throughout the arctic. To provide useful oper-
ational information, this system must be run on
the appropriate spatial and temporal scales. The
results obtained jin this study can be used to
configure the model to run at the appropriate
space and time scales such that, on the average,
major variations in ice characteristics will not
be missed.

The size of the ice parcels considered in
this study (15.8 to 61.5 X 10% km?) is of the
same order of magnitude as the grid size used
in the PIPS model (16.1 X 103 km?). There-
fore, direct comparisons of the kinematic results
from this study can be made with the IKP de-
termined by the PIPS. We first begin with a
discussion of the time scale results. The time
scale calculations indicate that significant varia-
tions of some ice kinematics can occur on the
order of 2 hours. The minimum time scales of
divergence and deformation were of the order
of the sampling interval of the drifter position
data (3 hours). Thus, there is the possibility
that the average minimum time scales for these
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parameters may actually be lower than those
calculated in this study.

The implication of the time scales is that
the pack ice dynamics has an energetic, short
time-frame component. And since divergence
is involved (see Table 3), that energetic compo-
nent is not a negligible factor. Divergence of
the ice pack deals with the opening and closing
of leads and the production of ice ridges (and
thicker ice). Thus, divergence is directly linked
to the temsile and compressive strength of sea
ice, a very important parameter. If one were to
only consider the external forcing of arctic pack
ice by the atmosphere, he would expect con-
siderably longer time scales for the ice kine-
matics. The rotation of the earth introduces an
additional consideration, the Coriolis effect.
From this, one would expect a time scale of
about five hours in the arctic, especially under
free-drift conditions. But not all of the kine-
matic parameters always have such a small
minimum time scale as the ice divergence.
Obviously, there is some other factor to be
considered.

One might immediately suspect that the
short-term variability is a result of measure-
ment noise. However, upon closer inspection
this is seen to be unlikely. First, the methodol-
ogy in calculating differential motion is one in
which the bias of the position error is estimated
and then removed (Kirwan and Chang, 1979).
Secondly, in almost all cases only the divergence
of a cluster for a given month had a short e-
folding time while the vorticity and deforma-
tion had time scales that were up to 8-12 times
longer. Finally, low pass filtering the position
data (to remove position errors) had little effect
on the time scale results. Data were low passed
filtered using a 10.5 hr half-power point filter
that passed 95% of the energy at 12 hr. 1In
general, the speed, vorticity, and deformation
time scales of the filtered data were similar to
those of the unfiltered data (within 10%). The
time scales of the divergence using the filtered
position data increased from 2-3 hr to 5-6 hr,
still 5-7 times smaller than the scales of the
other parameters. These factors indicate that
position error is not the cause of the short time
scales of ice pack divergence.

It is quite possible that the internal
stresses of sea ice introduce the additional
variability, and this would naturally be seen
primarily by the ice divergence. Internal ice
pack stresses may be one of the weakest areas
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of our knowledge of the geophysics of pack ice.
If this factor is the cause of the short time
scales of ice pack divergence, it would seem
reasonable to deal with it on the same time
scale in our modeling. Aside from the internal
stresses, ice divergence/convergence is of great
importance for the operational needs of the
Navy (surfacing, firing, etc.). These factors
would seem to warrant running the PIPS with a
shorter time step, of the order of 1 to 2 hours.

As for space scales, the minimum length
scales of divergence and vorticity (110 and 280
km, respectively) are of the order of the dis-
tance between the ice parcels considered in this
study (Table 4). The actual space scales for di-
vergence and vorticity may, therefore, be
somewhat less than those determined in this
analysis. Figs. 12a and 14a suggest that the
space scale for divergence may be less than 100
km. We again are faced with the question as to
what factor results in such short scales for ice
pack divergence? Whatever that factor is, it
does not seem to have the same affect on the
other ice kinematic parameters. In this case, we
expect the atmospheric forcing to be the pri-
mary determinant for the space scales of pack
ice. The variability of the Coriolis effect might
shorten the space scale somewhat, but we would
expect only some secondary affects. The com-
pressive and tensile {orces of the pack ice again
seem to be the likely cause of the shorter space
scales for ice divergence. These forces are a
function of the spatial orientation of the crys-
tals of the pack ice floes as well as the orienta-
tion of the forcing on the individual floes.
Although the orientation of the compressive or
tensile forces can be determined by an ice
model, it is not now possible to determine mean
crystalline orientation within a grid cell. As a
result, the adjustment of the PIPS grid to a
smaller size based on the space scale results
(<100 km) does not appear to be warranted.

The space scale analysis allows one to
have confidence in IKP contour maps produced
from PIPS model output. The grid spacing of
the PIPS model (127 km) is of the order of the
smaller space scales of the IKP. Thus, contour
maps produced from the PIPS model output
could be expected, on the average, to resolve
nearly all the significant spatial variations in the
IKP. As for IKP determined only from drifter
data, contour maps can be trusted only when
the centroids of the drifter clusters are
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separated by distances not much larger than the
IKP space scales. Contouring data with spatial
gaps in cluster centroid positions greater than
IKP scales could result in overlooking
significant variations in the IKP. The space
scale results of this study (Table 4) indicate the
following guidelines in contouring IKP from
drifter cluster data: cluster centroid spacings of
500 to 1000 km for U and T; 400 to 500 km for
¢; and no more than 200 km for D, preferably
less. In addition, the minimum space scale
results (~100 km) indicate that the areal extent
of drifter clusters should not be much larger
than 10-20 x 10%® km?. Otherwise, significant
variations in IKP (divergence, in particular)
may not be resolved.

In final summary, the results of this
work indicate the following:

1) Ice divergence is the most temporally
and spatially incoherent of the ice kinematic
parameters.

2) Ice translation speed is the most
temporally and spatially coherent of the ice
kinematic parameters.

3) The short space and time scales of
ice pack divergence are not reflected in the
other ice kinematic parameters.

4) Because of the operational and
mechanical importance of ice divergence, it is
recommended that the PIPS time step be re-
duced to the order of 1 to 2 hours.

5) The space scale analysis indicates
somewhat smaller scales than the PIPS grid size.
However, it is felt that going to a smaller PIPS
grid size would not result in more accurate ice
motion predictions at the present state of the
model technology.

6) Contour maps produced from the
PIPS model output can be expected, on the av-
erage, to resolve nearly all the significant spa-
tial variations of the ice kinematic parameters.
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