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Abstract
The presence of thin sea ice is indicative of active freezing conditions in the polar ocean. We propose a simple yet effective 
method to incorporate information of thin-ice category into coupled ocean–sea-ice model simulations. In our approach, 
the thin-ice distribution restricts thick-ice extent and constrains atmosphere–ocean heat exchange through the sea ice. Our 
model simulation with the incorporation of satellite-derived thin-ice data for the Arctic Ocean showed much improved rep-
resentation of sea-ice and upper-ocean fields, including sea-ice thickness in the Canadian Archipelago and the region north 
of Greenland, mixed-layer depth over the Central Arctic, and surface-layer salinity over the open ocean. Enhanced sea-ice 
production by the thin-ice data constraint increased the total sea-ice volume of the Arctic Ocean by 5 × 103–10 × 103 km3. 
Subsequent sea-ice melting was also enhanced, leading to the greater amplitude of the seasonal cycle by approximately 
2 × 103 km3 (15% of the baseline value from the experiment without the thin-ice data incorporation). Overall, our results 
demonstrate that the incorporation of satellite-derived information on thin sea ice has great potential for the improvement 
of coupled ocean–sea-ice simulations.

Keywords Sea ice · Arctic Ocean · Thin sea ice · Ocean reanalysis

1 Introduction

Sea ice plays a pivotal role in the climate system. It covers 
roughly 8% of the total area of the world’s oceans and acts as 
an important mediator in exchanges between the atmosphere 
and the ocean (McPhee 2008). Sea-ice formation greatly 
affects the stability of the ocean through the rejection of 
brine (e.g., Mauritzen et al. 2013). Heat and water vapor 
are vigorously transported from the ocean surface to the 
atmosphere in areas of sea-ice formation such as leads and 
polynyas. Therefore, such areas are key to understanding 
both oceanic-water-mass distributions and atmospheric cir-
culation at high latitudes.

In an open-water region under cold and turbulent condi-
tions, dense concentrations of frazil ice can develop rapidly 
in the surface layer to become thin ice (e.g., nilas and pan-
cake ice). The thin ice then grows thicker and becomes pack 
ice, which is largely attributed to dynamical processes (e.g., 
Haas 2010). Thus, the presence of thin ice on open water 
is an observable indication of sea-ice formation. There-
fore, the knowledge of thin-ice distributions is essential for 
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determining the effects of sea-ice formation processes on the 
ocean–sea-ice system.

Since the 1970s, passive microwave observations have 
provided information on the spatial coverage of sea ice (e.g., 
Cavalieri et al. 1999). Cavalieri (1994) and Martin et al. 
(1998) proposed that the thickness of thin sea ice could be 
estimated from passive microwave measurements because of 
their sensitivity to the salinity of the newly formed sea ice 
(Naoki et al. 2008). This approach has been used for thin-ice 
thickness retrieval up to 10–20 cm in several regions with the 
empirical retrieval algorithms different from study to study 
due to different sensors and regions used (see Makynen and 
Simila 2019). These estimates have been used to quantify 
sea-ice production in coastal polynyas (e.g., Tamura and 
Ohshima 2011). Recently, Iwamoto et al. (2014) estimated 
the thin-ice thickness distribution in the Arctic Ocean by 
using microwave data from the Advanced Microwave Scan-
ning Radiometer on the Earth Observing System satellite 
(AMSR-E). The long-term daily thin-ice dataset covering 
the whole Arctic Ocean (Iwamoto et al. 2014) should be use-
ful for examining the effects of sea-ice formation processes 
in an ocean–sea-ice simulation.

Ocean general-circulation models (OGCMs) have suc-
cessfully been improved to describe the gross features of 
sea-ice variability (e.g., Proshutinsky et al. 2011), thereby 
enhancing our understanding of ocean–sea-ice processes in 
the polar regions (e.g., Holland et al. 2001). Observation 
information was incorporated into the ocean–sea-ice simula-
tions through data-assimilation approaches (e.g., Meier et al. 
2000; Lindsay and Zhang 2006). The intercomparison of the 
data-assimilation products (Chevallier et al. 2017; Uotila 
et al. 2019) indicated that robust reproduction of water-mass 
distributions, ocean stratification, and sea-ice thickness have 
not yet been achieved for either the Arctic or Southern (Ant-
arctic) Ocean, which can be attributed to limited observa-
tions and inaccuracies in the model parameterizations and 
atmospheric forcing. In spite of the recognized importance 
of the sea-ice-formation processes in determining the heat 

and freshwater budgets in the ocean–sea-ice system as 
described above, the thin-ice category has not been directly 
represented in OGCMs, with or without data-assimilation. 
Under freezing conditions, relatively thick ice with a mini-
mum thickness as defined in the models (e.g., 0.1 m as in 
this study) is formed in OGCM simulations, which can 
greatly alter the surface cooling from that expected for such 
conditions for both thin- and thick-category ice distributions 
(Fig. 1a), which can often be described by means of log-
normal functions (e.g., Haas 2010; Rabenstein et al. 2010).

In this study, we aimed to incorporate thin-ice informa-
tion (of 0–0.1 m thick) from satellite-derived data (Iwa-
moto et al. 2014) into an ocean–sea-ice simulation as a first 
attempt to apply these thin-ice data in a modeling study. One 
way to incorporate the data would be to add a new prog-
nostic variable for thin ice to the model and then refine it 
through a data-assimilation approach. However, the adequate 
representation of thin ice (i.e., comparable to the observa-
tional data) as a prognostic variable, e.g. the calculation of 
the concentration of frazil ice (e.g., Matsumura and Ohshima 
2015), would require complicated modeling. Construction 
of a model that would yield thin-ice evolution over time, 
thus making correction by data assimilation meaningful, 
was beyond the scope of this study. Therefore, instead of 
a data-assimilation approach in the strict sense, we devised 
a simple method to utilize the thin-ice data to set bound-
ary conditions for the model (as fixed input parameters). 
We then investigated the impact of this constraint on the 
modeled ocean and sea-ice variables. Because the thin-ice 
data reflect the occurrence of sea-ice formation as described 
above, we expected the reproduction of both thick-sea-ice 
distribution and ocean-water properties to be improved.

The structure of this article is as follows. After a descrip-
tion of the data and model described in Sect. 2, we present 
a method for incorporating the thin-ice data into the model 
in Sect. 3. Then we present and discuss results in Sect. 4 
and provide summarizing comments and our conclusions 
in Sect. 5.

Fig. 1  Sea-ice thickness distri-
bution in the sea-ice formation 
region. a Schematic of the 
models representing thick ice 
only (blue) and both thin and 
thick ice (red). b Example of 
the comparison between the 
CTL and THIN experiments 
(blue and red, respectively) for 
0.02 m thickness bins along the 
Canadian coast (165°–125°W, 
69°–73°N) on November 01, 
2002
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2  Data, model, and experiments

2.1  Data

We used daily time series of thin-ice thickness (0–0.2 m) in 
the Arctic Ocean derived from passive microwave observa-
tions made by AMSR-E during 2002–2011 (Iwamoto et al. 
2014), provided by the National Institute of Polar Research, 
Japan.1 The resolution of the data is 6.25 km based on the 
89-GHz channel, which well represents the subgrid-scale 
distribution for our model and hence is suitable for calculat-
ing the fractional coverages on the model grids as described 
below. Influences of water vapor and cloud liquid water were 
removed by using the 36-GHz channel, whereas noise due 
to thick landfast ice was eliminated by using the vertical-
polarization gradient ratio between the two channels. Iwa-
moto et al. (2014) reported that an overall uncertainty of 
the thin-ice thickness estimate was approximately 0.03 m 
(0.06 m) for the 0–0.1 m (0.1–0.2 m) thickness range. The 
estimate has also been validated by using in situ data (Fuka-
machi et al. 2017).

We used atmospheric reanalysis (JRA-55) data2 (Kob-
ayashi et al. 2015) and satellite-based sea-surface tempera-
ture data3 (MGDSST) (Kurihara et al. 2006) for preprocess-
ing the thin-ice data, as described in Sect. 3.1. To calculate 
the surface-heat, freshwater, and momentum fluxes to drive 
the model, we used downward shortwave and longwave radi-
ation, precipitation, 10-m air temperature, specific humidity, 
and 10-m wind fields from the 3-h JRA55-do dataset4 (Tsu-
jino et al. 2018). The JRA55-do dataset, which is based on 
the JRA-55 atmospheric reanalysis, was constructed specifi-
cally to provide forcing data for driving ocean models and 
includes corrections for global heat and freshwater budget 
balances.

For comparison with our results on sea-ice fields, we used 
observational sea-ice thickness data (Yi and Zwally 2009) 
acquired by the Geoscience Laser Altimeter System (GLAS) 
on the Ice, Cloud, and Land Elevation Satellite (ICESat) 
and Special Sensor Microwave/Imager. Data for the GLAS 
campaign periods5 were provided by the National Snow and 
Ice Data Center.

We also used the Monthly Isopycnal/Mixed-Layer Ocean 
Climatology (MIMOC) dataset6 (Schmidtko et al. 2013) 

provided by the National Oceanic and Atmospheric Admin-
istration, USA.

Temperature and salinity profiles based on conductiv-
ity–temperature–depth (CTD) measurements obtained on 
the R/V Mirai cruises (e.g., Nishino et al. 2013) were pro-
vided by the Japan Agency for Marine–Earth Science and 
Technology.7 These in situ salinity observations as well as 
the MIMOC mixed-layer depths (MLDs) were used for vali-
dation of our results in representing the oceanic field.

For data assimilation, in situ temperature and salinity data 
were obtained from the Ensemble 4 dataset8 (Good et al. 
2013), World Ocean Database 20139 (Boyer et al. 2013), 
and Global Temperature–Salinity Profile Program database10 
(Hamilton 1994). Satellite-based sea-surface height anom-
alies11 (CLS 2012), sea-surface temperatures (MGDSST), 
sea-surface salinities12 (NASA Aquarius project 2017), and 
sea-ice concentrations (MGDSST) were also assimilated. 
(However, when and where thin-ice exists, sea-ice concen-
tration data was not assimilated locally; see Sect. 3.2.)

2.2  Model

The OGCM used in this study was the Meteorological 
Research Institute Community Ocean Model (MRI.COM) 
v.4 (Tsujino et al. 2017). The experiments were conducted 
within the GONDOLA_100 framework (Urakawa et  al. 
2017). The model domain covers the whole global ocean. 
South of 64°N, the horizontal resolution is 1° of longitude 
and 0.3°–0.5° of latitude (finer around the equator), and for 
north of 64°N, we adopted a bipolar grid (Murray 1996) 
with polar singularities at 80°E 64°N and 100°W 64°N on 
land. We defined 60 vertical levels and a bottom boundary 
layer. The model is driven by surface-heat and freshwater 
fluxes and by surface stresses, which were calculated from 
the surface conditions according to the JRA55-do (Tsujino 
et al. 2018) and Large and Yeager’s (2009) bulk formulas.

The sea-ice model embedded in the OGCM describes 
both the thermodynamics and dynamics of sea ice. The sea-
ice thermodynamics part of the model, based on Mellor and 
Kantha (1989), considers the heat capacity of sea ice (one-
layer ice and zero-layer snow). Other processes (categori-
zation by thickness, ridging, rheology, and albedo param-
eterization) are based on the Los Alamos sea-ice model 

1 See https ://ads.nipr.ac.jp/kiwa/Summa ry.actio n?selec tFile =A2014 
1120-001.
2 See http://jra.kisho u.go.jp/JRA-55/index _en.html.
3 See http://ds.data.jma.go.jp/gmd/goos/data/rrtdb /jma-pro/mgd_sst_
glb_D.html.
4 See https ://clima te.mri-jma.go.jp/~htsuj ino/jra55 do.html.
5 See https ://nsidc .org/data/NSIDC -0393.
6 See https ://www.pmel.noaa.gov/mimoc /.

7 See http://www.godac .jamst ec.go.jp/darwi n/e.
8 See https ://www.metof ce.gov.uk/hadob s/en4/index .html.
9 See https ://www.nodc.noaa.gov/OC5/WOD13 /.
10 See https ://www.nodc.noaa.gov/GTSPP /.
11 See https ://www.aviso .altim etry.fr/en/data/produ cts/sea-surfa ce-
heigh t-produ cts/globa l/sla-h.html.
12 See https ://podaa c.jpl.nasa.gov/datas et/AQUAR IUS_L3_SSS-
RainF lagge d_SMI_DAILY _V5.

https://ads.nipr.ac.jp/kiwa/Summary.action%3fselectFile%3dA20141120-001
https://ads.nipr.ac.jp/kiwa/Summary.action%3fselectFile%3dA20141120-001
http://jra.kishou.go.jp/JRA-55/index_en.html
http://ds.data.jma.go.jp/gmd/goos/data/rrtdb/jma-pro/mgd_sst_glb_D.html
http://ds.data.jma.go.jp/gmd/goos/data/rrtdb/jma-pro/mgd_sst_glb_D.html
https://climate.mri-jma.go.jp/%7ehtsujino/jra55do.html
https://nsidc.org/data/NSIDC-0393
https://www.pmel.noaa.gov/mimoc/
http://www.godac.jamstec.go.jp/darwin/e
https://www.metoffice.gov.uk/hadobs/en4/index.html
https://www.nodc.noaa.gov/OC5/WOD13/
https://www.nodc.noaa.gov/GTSPP/
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/sla-h.html
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/sla-h.html
https://podaac.jpl.nasa.gov/dataset/AQUARIUS_L3_SSS-RainFlagged_SMI_DAILY_V5
https://podaac.jpl.nasa.gov/dataset/AQUARIUS_L3_SSS-RainFlagged_SMI_DAILY_V5
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(Community Ice Code, CICE, version 3.14; Hunke and 
Lipscomb 2006; see also Hunke and Lipscomb 2010). Five 
sea-ice thickness categories ( Nc = 5 ) are allowed within a 
grid cell (Lipscomb 2001): 0–0.6 m, 0.6–1.4 m, 1.4–2.4 m, 
2.4–3.6 m, and 3.6–30.0 m (hereafter, referred to as catego-
ries 1–5, respectively). Note that the minimum thickness of 
the 1st category was set to 0.1 m.

Albedo values are defined for both sea ice and snow 
as > 700 nm for near-infrared and < 700 nm for visible wave-
lengths. We considered the surface melting effect (air tem-
perature > −1 °C) for decreasing these albedos. The mean 
surface albedo, �I , is calculated from the area fractions of 
snow and bare ice for each category. When ice thickness h 
is less than the reference thickness ( href  set to 0.5 m), the 
albedo of the ice is reduced as

where  �o  i s  t he  a lbedo  of  the  ocean  and 
� = arctan

(

arh
)

∕arctan
(

arhref
)

 with a constant ar = 4.0 . 
Part of the absorbed shortwave radiation penetrates the ice as

where I(z) is the shortwave flux that reaches depth z , I0 is the 
surface flux, and �i is the bulk extinction coefcient (set to 
1.4). Basic parameter values in the sea-ice model are shown 
in Table 1.

2.3  Experiments

We conducted a baseline experiment (hereafter referred to 
as CTL) for the period 1958–2017 after spin-up integration 
with a 3-dimensional variational data assimilation (Toyoda 
et al. 2015, 2016). In addition, we conducted an experiment 
incorporating thin-ice data for the period from July 2002 to 
September 2011 (hereafter referred to as THIN). For the THIN 

(1)�thin = �o + �
(

�I − �o
)

,

(2)I(z) = I0 exp
(

−�iz
)

,

experiment, the initial conditions and settings (except for thin 
ice) were taken from the CTL experiment. The method to 
incorporate the thin-ice information is described in Sect. 3.2.

3  Incorporation of thin‑ice data

3.1  Preprocessing

We applied preprocessing to the original thin-ice data (the 
unprocessed data retrieved by Iwamoto et al. (2014)) for use in 
the model mainly as follows. First, we calculated thin-ice mean 
thickness and area-fraction values on the model grids from the 
original data. Second, we removed noise, mainly thick ice that 
had been thinned by melting.

We utilized thin-ice data in the thickness range 0–0.1 m to 
constrain the model. Although the original dataset provides 
thicknesses in the range 0–0.2 m, we chose the more-limited 
range in part because the uncertainty of the satellite-data 
retrievals increases rapidly with ice thickness (e.g., Iwamoto 
et al. 2013). The narrower thickness range (0–0.1 m thick of 
thin ice as defined in this study) also complemented the mini-
mum thickness of the modeled (thick) sea ice of 0.1 m in the 
sea-ice module of our OGCM. In contrast to the thin ice, which 
corresponds to the ice represented by the data from Iwamoto 
et al. (2013), ice with a thickness greater than 0.1 m is repre-
sented as a prognostic variable in our model and is hereafter 
referred to as thick ice.

First, we estimated the thin-ice thickness and area fraction 
on the model grids from the original thickness information 
with a resolution of 6.25 km. About 30–60 original data grids 
were included within each model grid for the Arctic Ocean. 
Taking into account the retrieval errors of the original data, 
the probability density function pm of thickness h around the 
original data hm is defined as

Table 1  Parameter settings in 
sea-ice model

Parameter Value

Scaling factor for ice pressure P∗ (Hibler 1979) 2.75 × 104 N m
−2

e-folding constant for ice pressure C (Hibler and Walsh 1982) 20
Air–ice drag coefcient Cd

ai
 (Large and Yeager 2004) 1.63 × 10−3

Cold ice albedo (near-infrared wavelength) 0.36
Cold ice albedo (visible wavelength) 0.78
Reduction rate of albedo for melting ice (both wavelengths) − 0.075/°C
Cold snow albedo (near-infrared wavelength) 0.70
Cold snow albedo (visible wavelength) 0.98
Reduction rate of albedo for melting snow (near-infrared) − 0.15/°C
Reduction rate of albedo for melting snow (visible) − 0.10/°C
Thermal ice conductivity 2.04 J m

−1
s−1K

−1

Thermal snow conductivity 0.31 J m
−1
s−1K

−1

Salinity of thick sea ice 4
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where m is the data number and �h is the retrieval error. 
For practical reasons, a Gaussian distribution was assumed, 
although in reality the error distribution would be asym-
metric. Iwamoto et al. (2014) reported that the standard 
deviation of their retrievals from the reference data was 
about 0.03 m for the thickness range 0–0.1 m and also that 
the value differed among regions. For example, the stand-
ard deviation and bias for the Chukchi Sea were 0.039 m 
and + 0.008 m, respectively, whereas both values were 
smaller in the Laptev Sea and northern Bafn Bay (Iwa-
moto et  al. 2014). Hence, we assumed �h to be 0.04 m 
( ∼

√

0.0392 + 0.0082 m) in this study.
We calculated the thin-ice area fraction ( athin) and mean 

thickness ( hthin ) on the model grids by using the original 
data located within the model-grid spacing ( m = 1,… ,M ). 
Since we assumed the probability density distributions 
around the data (3), we used all original data in the 
0–0.2 m range to estimate these values (for thin ice of the 
thickness range 0–0.1 m) as:

Second, we excluded data considered erroneous, mainly 
due to the influence of melting ice. Although Iwamoto 
et al. (2014) and other previous studies focused on freezing 

(3)pm(h) =
1

√

2��h

exp

�

−

�

hm − h
�2

2�2
h

�

,

(4)athin =
1

M

M
∑

m=1

0.1m

∫
0m

pm(h)dh,

(5)hthin =
1

athin
⋅

1

M

M
∑

m=1

0.1m

∫
0m

h ⋅ pm(h)dh.

ice, the dataset actually includes data from the melting 
season. For example, the total area and volume of thin ice 
in the Arctic Ocean (north of 65°N) estimated from the 
original data increase greatly in summer (Fig. 2). Determi-
nation of whether detected thin ice is new ice or thick ice 
that has been thinned by melting is difcult with an algo-
rithm like that was used for thin-ice thickness based on 
AMSR-E data, such as those by Tamura et al. (2007) and 
Tamura and Ohshima (2011), although their algorithms 
targeted new ice only.

We removed the influence of melting ice and noise prob-
ably due to cloud cover (e.g., Fig. S1) as much as possible 
by using data from two independent datasets, JRA-55 and 
MGDSST; we used the following conditions to determine 
whether the thin-ice data were affected by melting (1 and 2) 
or cloud cover (3 and 4):

1. Net surface-heat flux (JRA-55) is downward.
2. Surface air temperature (JRA-55) is greater than −1 °C.
3. Sea-surface temperature (MGDSST) exceeds 0 °C in the 

corresponding grid or on average over an area within 
200 km of the grid.

4. No sea ice (MGDSST) exists within 200 km of the grid.

(Note that conditions 1 and 2 mostly overlapped, trigger-
ing error flags.)

Even after this processing, the thin-sea-ice area was 
overestimated for the Okhotsk Sea, compared with results 
reported by Nihashi et al. (2009), reflecting differences in the 
dominant ice types between the Arctic and subarctic regions 
as discussed by Iwamoto et al. (2013). Therefore, in our 
study, data from the Okhotsk Sea were removed.

Another issue was that original data were not available 
for some days (43 of the total of 3379 days). The area frac-
tion and mean thickness data for these days were linearly 
interpolated from existing data. We also removed data for 

Fig. 2  Time series of the thin-
ice area (a, b) and volume (c, 
d) in the Arctic Ocean (north of 
65°N) during the period July 01, 
2002, to September 30, 2011 
(a, c) and mean annual cycles 
for this period (b, d). Blue 
lines indicate estimates from 
original thin-ice (0–0.1 m) data 
(Iwamoto et al. 2014) with an 
assumption of binary (full-grid/
zero) distribution of the thin-ice 
existence; red lines indicate the 
estimates after processing to 
remove noise
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ice with mean thickness of less than 0.01 m, resulting from 
the above preprocessing.

The total area and volume of thin ice in the Arctic Ocean 
thus were greatly reduced from the original data values 
(Fig. 2). In particular, we removed most of data from each 
year’s melting season. Note that the filtering of the melting 
ice was adopted by using local conditions (e.g., surface air 
temperature) instead of selecting specific months (e.g., from 
October to April; Kaleschke et al. 2016), which allowed 
removal of the data with melting conditions even in such 
months (October–April) and maintenance of the data with 
freezing conditions even in the months that melting takes 
place in a basin scale (May–September). The thin-ice area 
increases from the end of August and becomes greater than 
0.5 × 106 km2 in September and November, when the sea-
ice cover continues to increase in the Arctic Ocean. The 
time evolution of the thin-ice volume is consistent with 
that of the thin-ice area. The total sea-ice area and volume 
(including both thin and thick ice) are considered to be 
about 5 × 106 km2 and 4000 km3, respectively, in summer 
and 11 × 106 km2 and 16,000 km3, respectively, in winter, 
not including the Canadian Archipelago (e.g., Laxon et al. 
2013). These values are thus much larger than those of the 
thin-ice values.

3.2  Incorporation into the model

The thin-ice area fraction ( athin ) and thin-ice thickness ( hthin ) 
were interpolated at each time step from the daily data and 
used to constrain the model as described below.

Zero-layer thermodynamics was assumed for the thin ice. 
Thus, heat fluxes at the top and bottom of thin ice were 
calculated under the assumption of thermal equilibrium. 
Latent- and sensible-heat fluxes and upward longwave radia-
tion at the ice top were calculated by using the same bulk 
formulas as for thick ice (Large and Yeager 2009). Albedo 
values for the thin ice were calculated by Eq.  (1) using 
� = arctan

(

arhthin
)

∕arctan
(

arhref
)

 to be about 0.34 (0.18) 
for hthin equal to 0.1 m (0.05 m); they are thus smaller than 
thick-ice-albedo values. Shortwave-radiation penetration was 
also determined in the same way as for thick ice, by Eq. (2). 
Because the shortwave-radiation flux is generally small in 
the freezing season, the offsetting effect of the shortwave 
insolation to increase total surface heat flux is relatively 
small. Overall, a greater freezing rate for ocean water is 
expected through thin ice than through thick ice (because 
thin ice has a smaller insulating effect). Snow on thin ice 
was not considered, and precipitation was assumed to fall 
into the ocean water.

Thin ice was assumed to cover the open ocean and restrict 
the extent of thick ice. Thus, we set the upper limit for the area 
fraction of the modeled thick sea ice to 1 − athin instead of to 
the full-grid value of 1 set in the baseline experiment. When 

the sum of the thin- and thick-ice areas became greater than 
the full-grid spacing ( athick + athin > 1 , where athick =

∑Nc

n=1
an 

is the area fraction of thick ice with the categorized values an , 
n = 1,… ,Nc ), the thick-ice area was reduced (with the thin-
ice area fixed by the data) until the summed area was equal to 
the grid spacing. This reduction corresponds to ridging/rafting 
around polynyas in our coarse-resolution model. The resulting 
thick-ice area fraction in each category is

where the new indicates the value after the reduction pro-
cess. In changing the thick-ice area fraction, the thicknesses 
of thick ice and snow ( hn and hsnow , respectively) were modi-
fied while conserving their volumes:

Note that, in addition to the above influence of the thin ice, 
all the model dynamical/thermodynamical processes and the 
redistribution into the thickness categories were applied for the 
thick ice as in the CTL experiment.

Sea-ice pressure P (Hibler 1979), which is used to deter-
mine the sea-ice velocity in the rheology parameterization, 
was modified by including the effect of the thin ice as follows:

See Table 1 for the parameters P∗ and C . Grid-averaged sea-
ice velocities (even without thick ice) were calculated using 
Hunke and Dukowicz’s (1997) rheology equations and were 
used for estimating the advection of both thick and thin ice.

We calculated local changes in thin-ice volume at each grid 
point from the thin-ice thickness and area-fraction data at both 
the previous and present time steps and the advection effect 
( Advec ) and diffusion effect ( Diff  ) as

where present and previous indicate time steps. We used 
the multidimensional positive definite advection transport 
algorithm (Smolarkiewicz 1984) to calculate the advection 
and diffusion terms from the grid-averaged sea-ice veloci-
ties, in the same way as for the thick ice. When Δ

(

athinhthin
)

 
is positive, new thin ice is created locally. In this case, 
the freshwater content, latent heat of melting, and the salt 
equivalent of this sea-ice volume in the topmost layer of the 
ocean are reduced. The salinity of the thin ice was set to 

(6)anew
n

= an −
(

athick + athin − 1
)

×

an

athick
,

(7)hnew
n

= hn ×
an

anew
n

,

(8)hnew
snow

= hsnow ×

athick

anew
thick

.

(9)

P = P∗

(

Nc
∑

n=1

anhn + athinhthin

)

⋅ exp
(

−C
(

1 − athick − athin
))

.

(10)
Δ

(

athinhthin
)

=

[

athinhthin
]present

−

[

athinhthin
]previous

− Advec − Diff ,
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10.0, according to research by Cavalieri and Martin (1994). 
When Δ

(

athinhthin
)

 is negative, on the other hand, thin ice 
develops (thickens) and becomes thick ice. If the thinnest 
thick ice is category 1 within the grid, then the area frac-
tion of this category is increased by Δa1 = −Δ

(

athinhthin
)

∕h1 
while maintaining its thickness, but the snow thickness of 
the category 1 ice is reduced to conserve volume. Because 
the heat capacity of the thick ice is considered by the model, 
the equivalent heat to reduce the thin-ice temperature of the 
sea-surface freezing point to the category 1 ice temperature 
for the added volume is added to the topmost ocean layer. 
If no category 1 ice exists, then category 1 thick ice with 
volume −Δ

(

athinhthin
)

 is created with a minimum thickness 
of 0.1 m and the sea-surface freezing-point temperature. 
If the open-water fraction is not large enough to accom-
modate the new category 1 ice fraction, the part remaining 
is partitioned among the thickness categories according to 
their area-fraction ratios [as per Eqs. (6)–(8)]. In addition, 
because salinity of thick ice is lower than that of thin ice, salt 
corresponding to the ice-volume change of −Δ

(

athinhthin
)

 is 
added to the topmost ocean layer. Thus, the total amounts of 
heat, freshwater, and salt within the ocean–thick ice–thin ice 
system are conserved. Note that these calculations assume 
that the changes are due to freezing ice only, because thin 
ice produced by melting of thick ice has been removed from 
the thin-ice data.

In grids containing thin ice, MGDSST sea-ice-concen-
tration data were not assimilated in order to avoid problems 
from inconsistencies across datasets.

4  Results

The impact of the inclusion of thin-ice data was investigated 
by comparing the results of the CTL and THIN experiments. 
Figure 3 shows the time evolution (in 2002) of the thin-ice 
area fractions input to the model in the THIN experiment 
(Fig. 3a–d), and the differences in the grid-averaged sea-ice 
thickness between the CTL and THIN experiment results 
(Fig. 3e–h). Thin sea ice first appeared at the end of August 
in the Pacific section of the Central Arctic, and by Septem-
ber 1, a large part of the Central Arctic was covered by thin 
ice with area fractions up to 0.7 (Fig. 3a). Most original data 
from the rim of the ice-covered area were removed by the 
preprocessing described in Sect. 3.1. As of October 1, the 
thin-ice area extended toward lower latitudes, whereas in the 
central part it had decreased (Fig. 3b). As of November 1, 
the total thin-ice area had decreased (Fig. 2a), and thin ice 
was confined mostly to the edges of thick-ice areas (Fig. 3c). 
By December 1, thin ice remained ice-area margins, which 
had gradually spread to include parts of the Bering Sea and 
Bafn Bay (Fig. 3d).

The thickness differences (THIN–CTL) at first 
increased in the Central Arctic (Fig. 3e) and then, as winter 
approached, the increased differences extended to the seas 
that are marginal to the Arctic Ocean (Fig. 3f–h). Although 
the grid-averaged values for both the thin- and thick-ice 
thicknesses ( 

∑Nc

n=1
anhn + athinhthin for the THIN case) were 

used to calculate the thickness differences, the direct con-
tribution of the thin-ice thickness (up to 0.1 m) to these val-
ues is relatively small. Hence, we infer that the increases in 
total thickness in the THIN experiment indicate that sea-ice 
production was enhanced by the presence of the thin ice as 
follows. Under freezing conditions, thick ice is formed and 

Fig. 3  Distributions of thin-ice area fraction (a–d) and differences in sea-ice thickness between the CTL and THIN experiments (e–h). a, e Sep-
tember 01, b, f October 01, c, g November 01, and d, h December 01, 2002
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covers the ocean surface in the CTL experiment, whereas the 
presence of thin ice restricts the extent of the thick-ice cover 
in the THIN experiment (Fig. 1a). Greater heat exchange 
between the atmosphere and ocean, leading to enhanced sea-
ice production, was expected in the latter case. An example 
of the thickness-distribution difference between the CTL and 
THIN experiments in the early stage of freezing (November 
01, 2002) and the corresponding ice distributions is shown 
in Figs. 1b, 3c, g. The modeled thick ice of 0.1–0.16 m thick 
(just above the minimum value of 0.1 m) was much reduced 
from the CTL to the THIN experiments, resulting from the 
thin-ice inclusion.

We compared satellite-derived sea-ice-thickness distribu-
tions during the periods of several ICESat campaigns (Yi 
and Zwally 2009) with the distributions based on our CTL 
and THIN experiments to validate our results, as described 
above and as shown in Figs. 4 and 5. On the basis of work 
by Kwok and Cunningham (2008), we assumed the uncer-
tainty of the observational thickness data to be on the order 
of ± 0.5 m.

In the Canadian Archipelago and the region north of 
Greenland, the observational data show relatively thick sea 
ice (> 4 m) during most of the campaign periods (Figs. 4, 
5). This thickness was greatly underestimated in the CTL 
experiment, whereas the THIN experiment reproduced the 
relatively thick sea ice in those areas. Too, the relatively thin 
sea ice observed during the on07 period (Fig. 4o) and the 
fm08 period (Fig. 5o) in those areas, compared with ear-
lier periods, was also reproduced by the THIN experiment 
(Figs. 4n, 5n, respectively).

Ice thickness in the Central Arctic, which was largely 
occupied by sea ice thicker than 1.5 m according to the 
observational data, particularly in the Atlantic section, was 
also underestimated in the CTL experiment, especially dur-
ing October–November. Thicker sea ice was reproduced in 
the THIN experiment, although that simulated during the 
fm06 period (Fig. 5h) and fm08 period (Fig. 5n) appears to 
be too thick relative to the observational data.

In the coastal regions of the Pacific section, areas of rela-
tively thick sea ice, possibly associated with high production 
at coastal polynyas (e.g., Cavalieri and Martin 1994), were 
sometimes observed during winter (e.g., Fig. 4f). The results 
of the THIN experiment (e.g., Fig. 4e) were closer to the 
observational data in this respect than that of the CTL exper-
iment (e.g., Fig. 4d). However, the presence of a block of 
rather thick sea ice (> 4 m thick) in the Pacific section during 
2006–2007 as simulated in the THIN experiment (Figs. 4h, 
k, 5h, k) suggests that some processes (e.g., ice–albedo 
feedback) that effectively thin the sea ice are missing in our 
model, particularly given that a thinner but morphologically 
similar ice block was seen in the observational data (e.g., 
Fig. 4l) and relatively thick sea ice was estimated along the 
Canadian coast in 2006 (Maslanik et al. 2007).

The root mean square differences (RMSDs) of the THIN 
experiment results relative to the observed thicknesses were 
generally smaller than those of the CTL experiment results 
for both winter and summer periods (Fig. 6). In particular, 
the RMSDs for areas north of Greenland and the Canadian 
Archipelago and in the Atlantic section of the Central Arc-
tic seen in the CTL experiment were much larger than in 
the THIN case. However, THIN experiment RMSDs rela-
tive to the observational data were high in some regions 
of the Pacific section (e.g., Fig. 6d), which we attribute to 
the above-mentioned rather thick sea-ice block simulated in 
2006–2007. Nevertheless, this generally enhanced reproduc-
tion of the sea-ice-thickness distribution by the THIN exper-
iment supports our finding that the incorporation of thin-ice 
data improves the reproduction of sea-ice volume compared 
with the CTL experiment as further discussed below.

Time series of sea-ice area and volume for the Arctic 
Ocean are shown in Fig. 7. In the THIN experiment, the sea-
ice area was larger than in the CTL experiment during the 
whole simulation period (Fig. 7a). The difference increased 
by as much as 1 × 106 km2 in autumn of each year, and this 
increase is mostly attributable to an increase in the thin-ice 
area (Fig. 2a). The difference did not disappear in summer, 
however, even though thin ice (as we defined thin ice to be 
only actively freezing ice) was not present then. The persis-
tence of the difference in summer likely reflects the greater 
thickness of sea ice in the THIN experiment, which allowed 
it to persist over a wider area in the melting season. Sum-
mertime area differences between the two experiments were 
obtained mainly in the marginal ice zones of the Atlantic 
section which is in the downstream direction of sea-ice flow 
in the Arctic Ocean.

In the years following 2003, which, in the THIN experi-
ment, had a rather stable seasonal cycle after an initial 
increase, the sea-ice volume was larger in the THIN experi-
ment than in the CTL experiment by 5 × 103–10 × 103 km3 
(Fig. 7b). The volume difference (THIN–CTL, the green 
line) decreased slightly in summer, but it largely persisted 
throughout the melting season. As a result of the enhance-
ment of both sea-ice formation and melting, the amplitude 
of the seasonal cycle in the THIN experiment increased 
by about 2 × 103  km3 compared with that in the CTL 
experiment.

Comparison of the distributions of annual sea-ice pro-
duction between the two experiments (Fig. 8a–c) shows 
that in the THIN experiment it was mostly higher than in 
the CTL experiment. Differences between the experiments 
(THIN–CTL) were broadly positive over the Arctic Ocean 
with larger values in coastal regions (Fig. 8c). Thus, the high 
sea-ice production values in marginal ice zones and polynyas 
as described in previous studies (e.g., Tamura and Ohshima 
2011; Iwamoto et al. 2014), were clearly represented in the 
THIN experiment. The THIN experiment also reproduced 
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high production values confined to coastal regions of the 
Bering Sea (e.g., Stringer and Groves 1991), although pro-
duction in those regions might be overestimated by our 
model owing to its coarse resolution.

In contrast to sea-ice production, sea-ice melting was 
lower in the Central Arctic and north of the Canadian Archi-
pelago in the THIN than in the CTL experiment (Fig. 8f). 
This result can be attributed to the increased thicknesses 
simulated in these regions in the THIN experiment (Figs. 4, 

Fig. 4  Sea-ice thickness dis-
tributions in the Arctic Ocean 
from CTL and THIN experi-
ments and from Ice, Cloud, 
and Land Elevation Satellite 
(ICESat) observational data 
(Yi and Zwally 2009) for the 
October–November campaign 
periods: October 24–Novem-
ber 18, 2003 (on03), October 
03–November 08, 2004 (on04), 
October 22–November 23, 2005 
(on05), October 25–November 
25, 2006 (on06), and October 
02–November 05, 2007 (on07). 
Equivalent grid-averaged 
thickness values ( 

∑N
c

n=1
a
n
h
n
 for 

CTL and 
∑N

c

n=1
a
n
h
n
+ a

thin
h
thin

 
for THIN) were plotted for our 
experiments. Thick blobs (see 
text) were indicated by red 
arrows in h, k, l, and n. See also 
Fig. S2 for the ice thickness dif-
ferences for these periods
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5), as discussed above. In contrast, in most marginal ice 
zones, sea-ice melting was increased in the THIN experi-
ment, but these increases in sea-ice melting were not 
confined to coastal polynya regions. Consistent with the 
enhanced seasonal cycle of total sea-ice volume resulting 

from the incorporation of thin-ice data (Fig. 7b), annual sea-
ice production and melting were both greater overall in the 
THIN experiment than in the CTL experiment.

Changes in sea-ice production and melting can affect 
salinity in the ocean surface layer. Differences in salinity 

Fig. 5  Sea-ice thickness dis-
tributions in the Arctic Ocean 
from CTL and THIN experi-
ments and from Ice, Cloud, and 
Land Elevation Satellite (ICE-
Sat) observational data (Yi and 
Zwally 2009) for the February–
April campaign periods: Febru-
ary 17–March 21, 2004 (fm04), 
February 17–March 24, 2005 
(fm05), February 22–March 27, 
2006 (fm06), March 12–April 
14, 2007 (ma07), and February 
17–March 21, 2008 (fm08). 
Equivalent grid-averaged 
thickness values ( 

∑N
c

n=1
a
n
h
n
 for 

CTL and 
∑N

c

n=1
a
n
h
n
+ a

thin
h
thin

 
for THIN) were plotted for our 
experiments. See also Fig. S2 
for the ice thickness differences 
for these periods
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were positive (greater salinity in the THIN experiment) 
at 10-m depth in the Central Arctic and around the Cana-
dian Archipelago in both September and March (Fig. 9a, 
b, respectively). The positive differences in these regions 
are due to both increases in production and decreases in 
melting (Fig. 8c, f). In some marginal seas elsewhere, differ-
ences were predominantly negative in September, whereas 
there were positive differences in the Beaufort Sea and the 
northeastern Barents Sea in March. Generally speaking, sur-
face salinity would be more influenced by melting, which 
occurs when the surface mixed layer is relatively shallow, 
such as in September, compared with production, which 
occurs when the surface mixed layer is relatively deep (as 
discussed below). On the other hand, the positive wintertime 
(March) differences can be attributed to enhanced produc-
tion in polynyas above the Alaskan and Canadian continental 
shelves and along the coasts of Novaya Zemlya and Franz 
Josef Land (Fig. 8c).

At 100-m depth, salinity differences were positive in the 
Central Arctic and the Beaufort Sea, whereas they were neg-
ative around the Barents Sea and Fram Strait (Fig. 9c). The 
seasonal variation in these differences was rather small at 

Fig. 6  Distributions of the RMSDs between experimental results (a, 
c CTL; b, d THIN) and observational data (Figs. 4 and 5) for sea-ice 
thickness for October–November periods (on03, on04, on05, on06, 

and on07) and for February–March and March–April periods (fm04, 
fm05, fm06, ma07, and fm08)

Fig. 7  Time series of sea-ice area (a) and volume (b) for the Arctic 
Ocean (north of 65°N). Blue and red lines indicate the results from 
the CTL and THIN experiments, and the green lines indicate the dif-
ferences between the experiments (THIN–CTL; right-side vertical 
axis). Thin-ice values are included for the plots of the THIN experi-
ment

Fig. 8  Distributions of annual 
sea-ice production (a–c) and 
melting (d–f) values, averaged 
over the period 2003–2010. a, d 
CTL, b, e THIN, and c, f differ-
ence between the experiments 
(THIN–CTL)
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this depth. The positive differences can be attributed largely 
to enhanced sea-ice production in these regions (Fig. 8c). In 
contrast to salinity at the surface, salinity at 100-m depth is 
influenced less by melting than by sea-ice production, which 
occurs when the surface mixed layer is relatively deep. An 
example of the relationship between MLD and salinity along 
145°W (i.e., across the large salinity differences in the Beau-
fort Sea, shown in Fig. 9c) is shown in Fig. 10. Here, MLD 
is defined as the depth at which potential density exceeds 
the 10-m depth value by 0.03 kg m−3 (e.g., Toyoda et al. 
2017). MLD values were intermittently relatively large in 
the Beaufort Sea (about 70°–75°N), and they were generally 
larger in the THIN experiment than in the CTL experiment 
(Fig. 10a, b). At a typical point (145°W, 72°N), relatively 
high salinity (e.g., > 32) was distributed rather uniformly 
within the relatively deep mixed layer (Fig. 10d), and large 
salinity differences were generated concurrently at these 
greater depths (Fig. 10e). In contrast, lower surface-layer 
salinities (Fig. 10d) and concurrent negative salinity differ-
ences (Fig. 10e), affected by sea-ice melting (Fig. 10c), were 
generally associated with a relatively shallow mixed layer, 
with a thickness of a few tens of meters; as a result, positive 
salinity differences were maintained in the subsurface layer 
until 2008 (Fig. 10e). It is interesting that such a deep mixed 
layer did not develop after 2008, and the variability in the 
surface-layer salinity drastically changed around 2007–2008. 
Giles et al. (2012) reported a positive trend of freshwater 
content in the Beaufort Gyre between 2002 and 2010 mainly 
due to the wind stress curl anomaly. Our results were quali-
tatively consistent with the previous study and suggest the 
possible importance of including thin-ice information in 
simulating the freshwater-content variability in the Beaufort 
Gyre. The positive salinity differences at 100-m depth in the 
Beaufort Sea (e.g., at 72°N) (Fig. 9c) were generated by the 
above sea-ice production process with the greater MLDs. On 
the other hand, the positive differences at 100-m depth in the 
northern Canada Basin are apparently not directly attribut-
able to changes in MLD but were affected by a horizontal 

Fig. 9  Distributions of salinity differences between the CTL and 
THIN experiments (THIN–CTL) for a September and b March at 
10-m depth and for c annual mean at 100-m depth. Green contours 

indicate the salinities in the CTL experiment with contour intervals of 
1 for (a and b) and 0.5 for (c). Values were calculated from monthly 
climatology data during the period January 2003–September 2011

Fig. 10  a, b Time evolution of the MLDs along the 145°W line from 
the CTL and THIN experiments. c–e Time evolution of sea-ice pro-
duction (red), melting (blue), MLD (white, in d), vertical profiles of 
salinity (THIN), and salinity difference (THIN–CTL) in the Beaufort 
Sea (145°W, 72°N)
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process, because the mixed layer did not reach 100-m depth 
in the Canada Basin north of 75°N (Fig. 10b).

In the Atlantic section, negative salinity differences at 
100-m depth (Fig. 9c) emerged where relatively fresh Arctic 
surface water confronted salty Atlantic Water (correspond-
ing to salinity of 33.5–35). Eastward velocity in the ocean 
surface layer increases in the THIN experiment relative to 
the CTL experiment to the north of Greenland (not shown) 
were possibly responsible for the large salinity differences in 
the Atlantic section. However, the resolution of our system 
is not high enough to further discuss the changes in frontal 
structures.

MLD is the bulk variable essential for surface stratifica-
tion, and salinity distribution is important in defining the 

MLD for the Arctic Ocean (e.g., Tomczak and Godfrey 
1994). We therefore compared the MLD-distribution cli-
matologies of the CTL and THIN experiments with that of 
the observational MIMOC dataset (Schmidtko et al. 2013), 
which is based on available temperature and salinity profiles, 
including Ice-Tethered Profiler data from under the sea ice 
in the Arctic Ocean (Fig. 11).

The September MLDs for the Central Arctic, 20–30 m 
(Fig.  11d), were underestimated in both the CTL and 
THIN experiments (Fig. 11a, b, respectively) relative to the 
MIMOC observational data. Because the estimated MLDs 
were greater in the THIN experiment than in the CTL exper-
iment (Fig. 11c), the estimation of MLD was improved to 
some extent by the incorporation of thin-ice data. In detail, 
because the THIN MLDs in the southern Beaufort Sea and 
around the Svalbard Islands, Franz Josef Land, and Sev-
ernaya Zemlya were reduced relative to the CTL MLDs 
(Fig. 11c), it is difcult to detect an improvement with 
respect to the MIMOC data in the THIN experiment results.

The observed March climatological MLDs were mostly 
30–40 m for the Central Arctic (Fig. 11h). The CTL experi-
ment overestimated the MLDs relative to observational data 
by about 10 m (Fig. 11e), whereas the MLDs simulated by 
the THIN experiment were relatively shallower (i.e., closer 
to the MIMOC data) in the Pacific section of the Central 
Arctic, although they were thicker north of the Fram Strait 
(Fig. 11f). These MLD results are consistent with the salin-
ity differences (THIN–CTL) (Fig. 9), which were negative at 
10-m depth and positive at 100-m depth for the Pacific sec-
tion and were positive at 10-m depth and negative at 100-m 
depth north of the Fram Strait.

To evaluate our salinity results, we used CTD observa-
tional data (247, 262, 100, and 178 salinity profiles) obtained 
during Arctic cruises MR04-05, MR08-04, MR09-03, and 
MR10-05 of the R/V Mirai, respectively. We compared 
the individual profiles with the corresponding daily mean 
outputs of the experiments and calculated RMSDs within 
each model grid and over each cruise period. RMSDs were 
2–4 near the surface and decreased with depth in the CTL 
experiment (Fig. 12). RMSDs were generally smaller in the 
THIN experiment, and the RMSD differences between the 
two experiments were mostly in the surface layer. Hence, 
we focus here on the RMSD differences between the experi-
ments at 10-m depth in the surface layer.

In summer–fall 2004 (MR04-05 cruise), RMSD decreases 
from the CTL to the THIN experiments were widely dis-
tributed in the western Beaufort Sea and northern Chukchi 
Sea (Fig. 12b). The 10-m salinities decreased by 0.5–2 
from the CTL to the THIN experiments for these regions 
(Fig. 12c), and thus the reproduction of the relatively fresh 
surface water was improved. This possibly resulted from 

Fig. 11  MLD-distribution climatology data for September (a–d) 
and March (e–h). a, e CTL experiment. b, f THIN experiment. c, g 
Difference between the two experiments. d, h MIMOC data. MLD 
monthly climatology data in the experiments were calculated from 
daily mean outputs of temperature and salinity fields (from daily 
MLDs) for the period January 2003–September 2011
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the enhanced reproduction of sea-ice melting through the 
incorporation of thin-ice data, as discussed above.

Similar RMSD changes and freshening from the CTL to 
the THIN experiments were seen in 2008 (MR08-04 cruise) 
(Fig. 12e, f). This cruise covered the middle of the Canada 
Basin, where we identified large RMSD reductions (as much 
as 2) that corresponded to freshening in the THIN experi-
ment relative to the CTL experiment.

In 2009 (MR09-03 cruise), RMSD decreases from the 
CTL to the THIN experiments were confined to a small 
region in the northern Chukchi Sea (Fig. 12h); as a result, 
total RMSD profiles were similar in the CTL and THIN 
experiments, and RMSD values were relatively large 
(Fig. 12g). Salinity differences between the experiments 
during the period of this cruise were generally small in 
the cruise area (Fig. 12i). The enhanced melting by the 

incorporation of thin-ice data had only a small effect, and 
the large salinity biases (greater than 3 at 10-m depth) 
in both experiments for the year 2009 might be related 
to the fact that the September sea-ice extent during the 
2007–2012 period was largest in 2009, even though the 
overall trend was decreasing (e.g., Serreze et al. 2016), 
but further examination of these results remains for future 
work.

In 2010 (MR10-05 cruise), salinity changes from the CTL 
to the THIN experiments were negative in the marginal seas 
of the Pacific section and again RMSD decreased in the sur-
face layer (Fig. 12j–l).

During all four cruise periods, positive RMSD changes 
were seen in the northern Chukchi Sea, indicating that the 
reproduction of salinity there was worse in the THIN experi-
ment. Because salinities in the region were generally lower 

Fig. 12  a, d, g, j  Vertical 
distributions of the salinity 
RMSDs of the CTL and THIN 
experiments from the conduc-
tivity–temperature–depth (CTD) 
observations for each cruise of 
the R/V Mirai. b, e, h, k Hori-
zontal distributions of the salin-
ity RMSD change from the CTL 
to THIN experiments at 10-m 
depth for the cruise periods. c, 
f, i, l Horizontal distributions 
at 10-m depth of salinity in the 
CTL experiment (contour) and 
the salinity difference between 
the CTL and THIN experiments 
(color shading) averaged over 
the cruise periods. Color shad-
ing information of b, e, h, and k 
and c, f, i, and l are presented in 
the left and right of the figures, 
respectively. Time periods of 
the CTD observations on the 
R/V Mirai cruises were Septem-
ber 03–October 09, 2004 (a–c); 
August 28–October 06, 2008 
(d–f); September 10–October 
10, 2009 (g–i); and September 
04–October 13, 2010 (j–l). For 
calculating the RMSDs, daily 
mean values from our experi-
ments were compared with the 
individual CTD observations, 
and RMSDs within the model 
grids were averaged over the 
time periods
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in the THIN experiment than in the CTL experiment, the 
salinities observed during the cruises were high relative to 
the simulation results. These high salinities can be attributed 
to the influence of Pacific water. On the basis of CTD obser-
vations made during the Surface Heat Budget of the Arctic 
Ocean (SHEBA) drift experiment in 1997–1998, Shimada 
et al. (2001) reported isohalines of 31–32 (corresponding 
to Eastern Chukchi Sea Water) in the surface mixed layer 
above the Chukchi Plateau. Further, they showed that the 
bottom topography played an important role in determin-
ing Pacific water circulation in the Beaufort and Chukchi 
Seas. Unfortunately, the characteristic Northern Ridge and 
Chukchi Plateau were not well resolved in our coarse-reso-
lution system, which may account for the low-salinity biases 
in our experiments.

Overall, general improvement in the surface-salinity field 
in the marginal ice zones suggests that the inclusion of the 
thin-ice information has a positive effect for representing 
the ocean–sea-ice fields due to the enhanced production and 
melting cycles of the thick sea ice.

5  Conclusions

We have proposed a method of incorporating thin-ice thick-
ness data derived from satellite microwave measurements 
into an OGCM simulation. The thin-ice area fraction and 
thickness values on the model grids were calculated from 
the original thin-ice thickness data (Iwamoto et al. 2014) and 
input to the model as surface boundary conditions to con-
strain the evolution of the modeled sea-ice distribution. The 
results of experiments with and without the input of thin-ice 
data showed that sea-ice production was enhanced by the 
presence of thin ice instead of the thick ice that was modeled 
as developing in a short time period under freezing condi-
tions in the baseline experiment (without the input of thin-
ice data). The thicker sea ice resulting from the enhanced 
sea-ice production partly remained after the seasonal dis-
appearance of thin ice from the Arctic Ocean. Ice thick-
nesses in sea-ice convergence regions such as the Canadian 
Archipelago were particularly impacted due to both local 
and remote effects via advection and ridging processes. As 
a result, the total sea-ice volume for the Arctic Ocean was 
increased by 5 × 103–10 × 103 km3 compared with that in 
the baseline experiment (averaging about 57% increase in 
the annual mean volume). In addition, the amplitude of the 
seasonal cycle of sea-ice volume was increased by about 
2 × 103 km3 (about 15% of the baseline-experiment value) 
owing to the enhancement of both sea-ice production and 
melting. This enhanced melting can also be attributed to 
the advection of the thickened ice to the marginal ice zones, 
where the ice melts away in summer.

In the experiment incorporating the thin-ice data, the 
sea-ice thickness distribution was improved with respect to 
the observational estimates from the ICESat measurements 
(Yi and Zwally 2009), particularly north of Greenland and 
the Canadian Archipelago and in the Atlantic section of the 
Central Arctic. High sea-ice production values were also 
reproduced in coastal polynya regions, as discussed in previ-
ous studies (e.g., Iwamoto et al. 2014).

The enhanced sea-ice production and melting in the 
THIN experiment affected the salinity field, which resulted 
in increased summertime MLDs and decreased wintertime 
MLDs in the Central Arctic. These THIN experiment results 
were more consistent with the observation-based MIMOC 
MLD climatology data (Schmidtko et al. 2013) than with the 
baseline-experiment results. The salinity changes were fur-
ther evaluated by using CTD observations from R/V Mirai 
cruises conducted in ice-free regions of the Pacific section of 
the Arctic Ocean (e.g., Nishino et al. 2013). Surface salini-
ties were decreased by the enhanced melting, and a generally 
improved surface-salinity field was obtained for the western 
Beaufort Sea and the northern Chukchi Sea.

These results suggest the importance of thin-ice processes 
in representing the ocean–sea-ice fields and support the 
effectiveness of our approach of incorporating the thin-ice 
information to enhance the ocean–sea-ice simulations.

In some respects, however, the reproducibility was 
decreased by the incorporation of thin-ice data. For exam-
ple, a block of very thick ice remained without melting in 
the Beaufort Sea during 2006–2007. In addition, observed 
surface salinities in summer were lower than the simulated 
results even in the THIN experiment. These results sug-
gest that parameterizations of processes (such as associated 
with albedo) that effectively melt thick ice are needed in 
the model forced by thin-ice data to improve the reproduc-
tion of the ocean–sea-ice field. Multi-layer thermodynamics 
should be a more appropriate option for representing thicker 
sea ice as implemented in recent versions of CICE13 and 
other sea-ice models (e.g., Rousset et al. 2015). In addition, 
a parameterization that distributes the brine rejected during 
sea-ice production directly below the surface mixed layer 
(e.g., Matsumura and Hasumi 2008; Nguyen et al. 2009) 
would improve the salinity and MLD fields. The outcropping 
of salty Pacific water in the surface mixed layer above the 
Chukchi Plateau, as captured by CTD observations (Shi-
mada et al. 2001), was not well represented in our experi-
ments. Thus, a model that successfully resolves the topogra-
phy of Chukchi Plateau and the Northern Ridge would allow 
more realistic reproduction of Pacific water circulation, 
which also influences sea-ice melting. Also, sources of the 
surface freshwater have been quantified in recent years by 
biogeochemical tracer observations (e.g., Yamamoto-Kawai 

13 See https ://doi.org/10.5281/zenod o.18930 41.
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et al. 2009; Kosugi et al. 2017). These observational data are 
expected to be of great value for evaluating and improving 
the model’s reproduction of surface-layer salinities.

More sophisticated incorporation of thin-ice data might 
be possible by a data-assimilation approach, but, in that 
case, thin ice would need to be (explicitly) represented in the 
model by a prognostic variable. Ikeda et al. (2004) improved 
the time evolution of the Okhotsk Sea ice distribution by 
introducing a 0.1-m sea-ice thickness category as thin ice to 
an ocean–sea-ice simulation. (We used 0.1 m as the mini-
mum thick-ice thickness in this study.) Further evaluation 
of simulations conducted with a prognostic thin-ice thick-
ness variable thinner than 0.1 m is necessary before thin-ice 
data constrains the prognostic thin-ice variable through data 
assimilation. To do so, we should seek how to explicitly 
model thin ice appropriately. Existing rheology might not be 
suitable for ridging/rafting of thin ice. Albedo parameteriza-
tion might also be improved for thin ice with ice type infor-
mation. Thus, observations studies on processes associated 
with sea-ice formation (e.g., Ito et al. 2015) should be of 
great value to explicitly and appropriately model the thin ice.

It should be noted that the validated variables are also 
considered to vary depending on other model parameters 
and surface boundary conditions. For example, sea-ice thick-
nesses north of Greenland and the Canadian Archipelago 
are sensitive to the sea-ice strength parameter P∗ and the 
air–ice drag coefcient Cdai (Steele et al. 1997). Too, the 
vertical mixing parameterization used in a model strongly 
influences the MLD distribution (Komuro 2014). Neverthe-
less, the parameter set used in our experiments (Sect. 2) is 
standard among models included in recent intercomparison 
studies (e.g., Danabasoglu et al. 2014; Uotila et al. 2019). 
Also, the biases in the CTL experiment in this study (e.g., 
thinner sea ice and a mixed layer that is shallower in sum-
mer and deeper in winter) are seen in many existing models 
and reanalyses (e.g., Laxon et al. 2013; Uotila et al. 2019). 
These models can be expected to be similarly improved by 
using the method presented in this study. In cases when sim-
ulations overestimate large-scale ice volume, our approach 
would deteriorate the simulations. Nevertheless, since our 
results suggested the great influences of the thin-ice data 
constraint to the ocean–sea-ice fields, parameter tuning 
adopted in advance to the simulations would differ and 
might be more appropriate. In addition, rather stable sea-
sonal cycles for both total sea-ice area and volume were 
achieved after initial increases (Fig. 7), which suggested that 
a negative feedback worked against the increasing effect of 
the thin-ice data incorporation. Thus, the approach would 
not yield an unstable increase of sea ice.

The generally positive results obtained by this study 
underline the great potential of satellite-derived thin-
ice data to improve Arctic Ocean simulations when used 
within a dynamical model framework. Thin-ice thickness 

distributions have also been retrieved for the Antarctic 
Ocean and the Okhotsk Sea (e.g., Ohshima et al. 2016) as 
well as by other sensors for the Arctic Ocean (e.g., Mar-
tin et al. 2004). An enhanced thin-ice estimation algorithm 
that takes into account ice type has recently been proposed 
(Nakata et al. 2018). The effects of the incorporation of these 
additional data on ocean–sea-ice simulations should also be 
investigated, preferably with an improved OGCM as dis-
cussed above. Moreover, a comprehensive estimate of the 
thin-ice distribution that includes global sea-ice regions and 
integrates measurements from several satellites would be of 
great value. For such a comprehensive estimate, particularly 
for operational use, continuous measurements by satellite-
borne passive microwave sensors are extremely important.
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