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[1] Turbulent surface fluxes of momentum and sensible and latent heat as well as surface
temperature, air temperature, air humidity, and wind speed were measured by the German
Falcon research aircraft over the marginal ice zone (MIZ) of the northern Baltic Sea and
the Fram Strait. Applying the bulk formulas and the stability functions to the
measurements, the roughness lengths for momentum z,, sensible heat z7; and latent heat
z, were calculated As mean values over a wide range of sea ice conditions, we obtain zy =
5% 107*m, zz=1 x 10" m, and zg=1Xx 107 m. These correspond to the following
mean values (+ standard dev1at10ns) of neutral transfer coefﬁc1ents reduced to 10 m
helght Cpnio=(1.9£0.8) x 10~° CHNIO =(0.9+0.3) x 1073, and CENIO =(1.0+£0.2) x
1073, An average ratio of zo/zy ~ 10 was observed over the range of 10 °m<zy<107
m and differs from previously published results over compact sea ice (107" <zy/zp < 10%).
Other observational results over heterogeneous sea ice do not exist. However, our zy/zr

ratio approximately agrees with observations over heterogeneous land surfaces. Flux

parameterizations based on commonly used roughness lengths ratios (zg = zr

=z,)

overestimate the surface heat fluxes compared to our measurements by more than

100%.
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1. Introduction

[2] Turbulent surface fluxes are an important link be-
tween the atmosphere and the underlying surface (ocean,
ice, land). World-wide area-covering flux measurements do
not exist, but these fluxes are nevertheless needed in all
atmosphere-ocean-ice-land models. Direct flux measure-
ments only exist from special field experiments or at certain
places because of the high experimental effort. Results from
such limited campaigns are nevertheless applied for general
use, simply because there is no other possibility. The
application of such results in case of heterogeneous surfaces
is particularly questionable. Direct flux measurements over
heterogeneous land surfaces are rare, and they are particu-
larly rare over broken, heterogeneous sea ice. Because of
the logistic difficulties of surface-based flux measurements
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in the latter case, aircraft measurements are the only method
to obtain spatially representative results. In this paper, such
aircraft measurements are used to derive turbulent flux
parameterizations over broken sea ice.

[3] The turbulent surface fluxes of momentum T, sensible
heat H, and latent heat LE are generally parameterized by
the bulk formulas,

T= pCDZVz7 (1)
H=pc,Cy(0, —0.)V, (2)
LE = py Cr:(qs — ¢-)V, 3)

where p is the density, ¢, is the specific heat of air, vy is the
latent heat of vaporization, V' is the wind speed, and 6,—6,
and ¢g,—q. are the differences in potential temperature and
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specific humidity, respectively, between the surface s and a
height z in the atmosphere. Applying the Monin-Obukhov
similarity theory, the transfer coefficients for momentum
Cp., sensible heat Cp., and latent heat Cg., can be
determined as functions of the roughness lengths for
momentum z,, sensible heat z; and latent heat z,, and of
the respective universal stability functions ‘PH, and Vg
[e.g., Holtslag and de Bruin, 1988; Hogstrom, 1988],

Cp, = K* [In(z/z0) — wM(Z/L)TZ, 4)

Che = K2[In(z/20) = Uy (/L)) X [In(z/z1) = by (z/L)] 7", (5)

—1

Cr: = K*[In(z/20) — by (z/L)] ' x

[In(z/z4) — Vp(z/L)] ", (6)
where k is the von Karman constant and L is the Obukhov
length.

[4] If the turbulent fluxes T, H, and LE as well as the
mean quantities V, 6, 6., ¢,, ¢., and p are measured, and if
the stability functions are known, the roughness lengths z,
zy, and z, can be determined from equations (4) and (5) with

use of equations (1)—(3) as

a=z[ep((ow 20 P Gm)] @)
¢, K2(0; — 0, !

i {e"p (H[lié/z()) e SRR ”)] @
2, -1

= {e"p (LE[zpn?z/zgh— D e L))} - O

[s] Over heterogeneous surfaces the turbulent fluxes can
be calculated by two different methods: the flux aggregation
and the parameter aggregation method. If the flux aggrega-
tion method is applied, a separate flux is parameterized for
each surface type and the various fluxes are area-averaged
thereafter. Applying the parameter aggregation, all quanti-
ties (¥, 6, 0, ¢) in equations (1)—(3) are averaged over all
surface types and applied for the flux parameterization
thereafter. In the latter case, the roughness lengths are
representative not for the individual surface types but for
the integral effect of all surfaces and are called effective
roughness lengths (z§7, z¢, and zef ).

[6] Roughness length estimates have been reported in the
literature for various surface types. Results for open water,
sea ice, and heterogeneous surfaces are summarized in the
following.

1.1. Roughness Lengths Over Open Water

[7] Many observations have been made on the roughness
length for momentum z, over open water. Over a sea surface
with mature wind-generated waves far from the coast, z, has
a well-known dependence on wind speed [Charnock, 1955].
Depending on phase of wave development and direction of
wave propagation with respect to the wind, z, can, however,
vary a lot [Donelan et al., 1993]. DeCosmo et al. [1996]
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found that, in contrast to zy, zy and z, decrease with
increasing wind speed and are 2 to 3 orders of magnitude
smaller than zo for ¥ > 15 m s~ !

1.2. Roughness Lengths Over Sea Ice

[8] A review for z, over sea ice is given by Guest and
Davidson [1991]. A widely applied equation relating z, to
the geometric properties of the surface has been presented
by Banke et al. [1980]. Over bluff roughness elements, like
sea ice with ridges, floe edges, and patterns of snow-drift, z7
depends on z, and the roughness Reynolds number Re = z,
X ux/v, where uy is the friction velocity and v the
kinematic viscosity of air. A theoretical relation for this
dependence was derived by Andreas [1987]: The ratio zy/z7
is less than 1 for very smooth ice, about 10" for typical sea
ice with zo = 1 mm, and increases to 10° for zy = 5 mm. The
results of Launiainen et al. [2001] are approximately
comparable to it. Over meltmg glacier ice in Greenland, a
reversed ratio of zo/zy < 10~ and a high degree of scatter
were found by Calanca [2001].

1.3. Roughness Lengths Over Heterogeneous Surfaces

[9] Mai et al. [1996] have shown that the z5” over broken
sea ice can exceed the zy of compact sea ice because of the
form drag due to floe edges and ice ridges, and parameter-
ization schemes have been developed to take th1s effect into
account [e.g., Uotila, 2001]. Formulas for z# /" have been
derived for heterogeneous land surfaces [e.g., Wood and
Mason, 1991], but we are not aware of results particularly
derived for broken sea ice. Over heterogeneous surfaces in
general, the ratio of the roughness lengths may differ
drastically from the ratios which were presented above for
homogeneous sea ice and open water. For example, Beljaars
and Holtslag [1991] and Mahrt and Ek [1993] observed a
ratlo of 51z = 10* for heterogeneous land surfaces, and

3/cwtrs and Vterbo [1994] concluded that using a ratio of

instead of 10° or 10' the ECMWF model produces better
Wmter evaporation over land. Beljaars [1994] even observed
a ratio of 107 for a heterogeneous pasture land.

[10] Although observations over various surface types
have indicated significant differences between the rough-
ness lengths for momentum, heat, and moisture, this is
usually not taken into account in models. For example,
Garratt [1993] reviewed more than 30 large-scale models,
and all of them applied identical roughness lengths for
momentum, heat, and moisture.

1.4. Objectives

[11] The objective of thls paper is to derive effective
roughness lengths z§7, z¢, and zq and the corresponding
neutral transfer coefficients Cpyi9, Crnio, and Cryio from
aircraft observations over broken sea ice. In the following we
omit the superscript eff for simplicity. Over homogeneous
surfaces, the data required for deriving roughness lengths can
be gained from measurements at a fixed place, but over
heterogeneous surfaces, particularly over broken sea ice, only
aircraft measurements are applicable. The results presented
here are derived from three field experiments in the marginal
ice zones (MIZ) of the northern Baltic Sea (the Baltic Air-
Sea-Ice Study (BASIS) [Launiainen, 1999] in February/
March 1998) and of the Fram Strait (the Arctic Climate
System Study (ACSYYS) [Briimmer and Thiemann, 1999] in



SCHRODER ET AL.: PARAMETERIZATION OF TURBULENT SFC FLUXES OVER ICE

26 -3

70°N

60°N

KR I ™
ACSYS
~FRAMZ
/g)
Greerdlan i //
@ |
!
N }
/
~fe ]
2
&
&
20°W o°
Figure 1. Locations of the three field experiments BASIS, ACSYS, and FRAMZY and the approximate

ice edge during March 1998.

March 1998 and the Fram Strait Cyclone Experiment
(FRAMZY) [Briimmer, 2000] in April 1999).

[12] The paper is organized as follows. The aircraft
observations and the method and accuracy of turbulent flux
calculation are presented in section 2. Section 3 deals with
the sea ice characteristics during the aircraft flights. The
results for the roughness lengths and transfer coefficients
and the sensitivity to measurement errors are discussed in
section 4. The impact of the new zy/zzratio on the param-
eterized heat flux is demonstrated in section 5.

2. Aircraft Observations

2.1. Aircraft Instrumentation and Location
of Measurements

[13] The Falcon research aircraft was equipped with a
gust-probe system to measure the three wind components.
The relative wind was determined by a five-hole wind probe
(Rosemount 858]J) at a 4-m-long nose boom and the aircraft
velocity by an inertial reference system (Honeywell) and
GPS. The wind components, air temperature (Pt-100),
specific humidity (Lyman-a-humidometer, Vaisala humi-
cap, and dewpoint mirror) and pressure (pitot tube) were
sampled with a frequency of 100 Hz corresponding to
a spatial resolution of 1 m at the typical flight speed of
100 m s~'. Furthermore, downward and upward solar as
well as long-wave radiation fluxes were measured by
pyranometers and pyrgeometers, respectively, and the sur-
face temperature by an infrared radiometer. The latter
quantities were sampled with 10 Hz.

[14] The experimental areas of BASIS 1998, ACSYS
1998, and FRAMZY 1999 are presented in Figure 1. A
total of 17 missions were flown by the German Falcon
research aircraft and took place under a wide range of
synoptic situations. During all missions, vertical profiles
and horizontal legs were flown in the lowest 3 km. This
study utilizes only the horizontal legs flown at low levels
between 9 and 35 m to measure the surface fluxes along
distances of 20 to 240 km.

2.2. Calculation of Aircraft-Based Turbulent Fluxes
[15] The aircraft-based turbulent fluxes of momentum T,
sensible heat H, and latent heat LE, were calculated accord-
ing to their definitions as
T =px \/ (W) +(WV)’,

(10)

H=pxc,xw0,

(11)

LE =pxyxwq, (12)
where u, v, and w are the three wind components and w/x’ is
the eddy covariance, where w is the vertical wind and x
stands for potential temperature O, specific humidity ¢, or
the horizontal wind components u and v. A prime (x)
denotes the deviation from the average (¥). A linear trend
was removed before applying the eddy correlation techni-
que. To determine proper sampling lengths for the turbulent
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fluxes, calculations were performed varying the sampling
length between 1 and 30 km.

[16] A demonstration of the impact of the sampling length
and of the horizontal variability of the fluxes is given in
Figure 2. The heat fluxes react very sensitively to horizontal
changes of the surface temperature. Fluxes calculated for
longer length intervals represent a kind of average of fluxes
over shorter length intervals. The quality of the aircraft-
based fluxes is further manifested by the good agreement
between them and fluxes measured at ice stations durin%
BASIS (heat flux difference is typically within a few Wm™
[Briimmer et al., 2002]).

[17] The random errors (SRW) of the fluxes were quan-
tified for all low-level flight legs according to Kaimal and
Finnigan [1994] and the systematic errors (s¢-) according
to Lenschow et al. [1994],

202, Ay
Uw’xl W' (13)

SRww =

2Awfxf wx’'
Ssww = (14)
where o is the variance, A is the integral length scale
determined as the 10% value of the autocorrelation function,
and / is the sampling length.

[18] Applying sampling lengths of 1, 2, 4, 8, 12, 16, 20,
and 30 km, the random and the systematic flux errors were
studied as a function of the fluxes themselves. For example,
the turbulent fluxes T and H and their errors are shown for
/= 8 km in Figures 3a and 3b. The mean relative error is
defined as the ratio of the mean error and the mean flux. The
dependence of the relative random and systematic errors on
the sampling length is shown in Figures 3¢ and 3d. The
relative random error of A decreases from 47% for /=1 km
to 22% for [ = 8 km. It is striking that a further increase of
[ does not reduce the relative error any more. The relative
random error of T is larger and decreases from 85% for [ =
I km to 30% for / = 20 km. The systematic errors are
generally smaller and even close to zero for sampling
lengths of more than 8 km. As a conclusion, 8 km is
regarded as a proper sampling length: On the one hand, it
is long enough to capture the relevant turbulent motions and
to warrant statistical significance. On the other hand, a
larger / would raise difficulties regarding the linear detrend-
ing in cases of a strong mesoscale variability.

2.3. Selection of Measurement Cases

[19] The calculation of roughness lengths (from equations
(7)—(9)) and neutral transfer coefficients (from equations (4)
and (5) setting the universal functions U(z/L) = 0 and the
reference height z = 10 m) requires accurate data. The
accuracy increases with increasing magnitudes of V, A©,
Ag, H, and E. To be on the safe side, we include only those
measurement cases in our analyses where the magnitudes
are at least 3 times larger than the measurement errors: V>
15ms ', A®@>225K, H>6 Wm 2, and 7> 1.5 x 1072
Nm .

[20] The transfer coefficients depend on the reference
height z as shown in equations (4) and (5). Equations
(1)—(9) are based on the assumption of a constant-flux
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Figure 2. Air temperature 7, surface temperature 7
(shading), albedo, sensible heat flux H, latent heat flux
LE, and momentum flux T measured at 30 m height on 5
March 1998 (leg 8). The fluxes are calculated for 2 (thin
line), 8 (thick line), and 20 km (dashed line) length intervals
and shifted by 50 m.

layer; that is, the fluxes are constant in height at least up to
z. In a stable boundary layer the assumption of a constant-
flux layer is questionable. On the basis of aircraft measure-
ments in the Fram Strait, Hartmann et al. [1994] found that
under stable stratification the flight level of about 40 m was
decoupled from the surface processes. The vertical flux
profile in the lowest 30 m was studied by Forrer and
Rotach [1997] based on tower data over the Greenland ice
sheet. The heat fluxes were not constant with height, even
under slightly stable stratification. Although the Monin-
Obukhov similarity theory is generally used in atmospheric
models, its application is debatable under stable stratifica-
tion [e.g., Pahlow et al., 2001]. Our aircraft observations
cover the whole stability range over broken sea ice, but to
avoid the above mentioned problems, we restrict to unstable
boundary layer cases only. In this way, 32 independent
cases with / = 8 km, ice concentration 0.1 < n;., < 1, and
heights z < 35 m were selected.

3. Ice Characteristics During the Selected Cases

[21] In order to characterize the various ice conditions
under which the measurements were taken, Figure 4 shows
air temperature, surface temperature, and surface albedo for
the 8-km cases. Note that cases 1-21 are from the Baltic
Sea and cases 22—32 are from the Fram Strait. Whereas the
air temperature is nearly constant in horizontal direction in
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Figure 3. Random and systematic errors of the aircraft-based turbulent fluxes. Absolute errors versus
magnitude of (a) momentum flux T and (b) sensible heat flux A for sampling length / = 8 km. Relative
errors versus sampling length for (¢) T and (d) H. The calculations are based on all horizontal flight legs
at heights lower than 35 m under unstable stratification during BASIS, ACSYS, and FRAMZY.

each case, the surface temperature varies according to the
differences between open water and various ice types. The
albedo follows the horizontal variations of 7; in a smoothed
way due to the 180° aperture angle of the pyranometers
compared to the 2° aperture angle of the infrared surface
temperature radiometer. For each case measurement height,
ice concentration, ice surface albedo, air temperature, mean
surface temperature, ice temperature, areal fraction of stable
stratification (0 — 05 > 0), wind speed, and visual ice
observations are listed in Table 1. The 32 cases can be
classified into the following six ice categories.

3.1. Gray Young Ice

[22] The Baltic Sea cases 1, 2, 3, 5, 6, and 20 evince a
low albedo between 0.1 and 0.4 and rather small variations

of surface temperature. Nilas, pancake ice, and frazil ice as
shown by two photos (Figures 5a and 5b) belong to this
category.

3.2. Mixture of Gray and White First-Year Ice
and Leads

[23] The Baltic Seacases 7, 8,9, 10, 12, 13, 14, 17, 18, and
21 and the Fram Strait cases 23 and 31 show alternating white
snow-covered and gray ice parts or leads. An example
photography is given in Figure Sc. In all Baltic Sea cases
the white level ice is relatively thin (<0.5 m), the free-board is
low (~0.06 m), and thus the geometric roughness is not
particularly large. The differences between open water and
ice surface temperature range between 5 K (case 12) and 20 K
(case 23).
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Table 1. Thirty-Two Individual Cases With a Horizontal Length of 8§ km Measured in the MIZ of the Baltic Sea (Cases 1-21) and the

Fram Strait (Cases 22-32)*

Number Day h, m Nice A; T,°C T, °C T, °C  Stable Fraction ¥V, ms Visual Ice Observations
1 03-02-1998 12 093 034 -59 -3.4 -3.6 0.00 3.4 gray ice, gobbets
2 03-02-1998 9 094 0.15 —5.8 —1.7 —1.7 0.00 32 gray, thin, smooth ice
3 03-02-1998 9 092 0.19 —-52 -2.0 2.2 0.04 33 gray and pancake ice
4 03-02-1998 17 0.35 030 —4.4 —0.4 -1.7 0.00 4.0 frazil ice
5 03-03-1998 15 0.99 0.19 —-5.6 -29 -29 0.00 4.6 thin, gray, new ice
6 03-03-1998 15 093 023 —55 —2.8 -3.0 0.00 52 thin, gray, new ice
7 03-05-1998 17 0.84 047 —12.1 -5.9 -7.0 0.00 12.0 intermittent white and gray ice
8 03-05-1998 34 094 054 —122 —7.2 —7.6 0.01 11.6 intermittent white and gray ice
9 03-05-1998 29 095 037 —11.9 —53 —5.6 0.00 11.9 intermittent white and gray ice
10 03-05-1998 31 091 047 —119 —5.8 —6.3 0.00 11.7 intermittent white and gray ice
11 03-05-1998 33 096  0.76 —-11.9 -93 9.7 0.01 10.3 white, solid ice, open ponds
12 03-05-1998 28 0.86  0.29 —11.1 -3.6 —4.0 0.00 10.4 open ponds, large ice fields
13 03-05-1998 28 096 048 —-10.4 —5.4 —5.7 0.00 10.1 open ponds, large ice fields
14 03-05-1998 29 0.91 0.57 —10.2 —5.8 —6.3 0.02 9.9 open ponds, large ice fields
15 03-05-1998 26 0.54 050 -9.7 -29 —52 0.00 10.4 first ice edge
16 03-05-1998 33 033 0.68 —-9.4 —1.8 —7.1 0.00 9.6 second ice edge
17 03-06—-1998 17 099 055 —10.7 -7.8 -7.8 0.10 5.7 nilas
18 03-06—-1998 15 095 045 —8.8 —5.5 —5.8 0.20 5.1 almost 100% ice
19 03-06—-1998 18 0.96 0.54 —7.6 -5.0 —5.2 0.24 7.4 first white ice, later gray ice
20 03-06—1998 17 096 0.18 —6.0 -2.0 -2.1 0.00 7.4 gray ice
21 03-06—-1998 15 0.87  0.51 —5.6 -3.1 -3.6 0.10 4.0 intermittent white and gray ice
22 03-20-1998 20 0.11 089 —17.0 —1.8 —6.4 0.00 2.5 loose ice fields
23 03-20-1998 17 037 050 —19.2 —53 —11.6 0.02 43 diffuse ice edge, pancake ice
24 03-20-1998 16 099 050 —12.5 —8.7 —8.8 0.11 4.6 a wide ice edge zone
25 03-20-1998 13 084 026 —12.0 —4.7 —52 0.01 4.5 a wide ice edge zone
26 03-20-1998 16 043  0.11 —11.7 —-2.1 —-3.6 0.00 43 a wide ice edge zone
27 03-20-1998 15 0.11 007 -1038 -1.6 -2.5 0.00 4.5 grease ice
28 03-21-1998 19 0.12 042 -3.5 0.1 —4.6 0.10 10.8 loose ice fields
29 03-21-1998 20 026  0.71 —3.8 —1.0 —4.7 0.20 9.9 loose ice fields
30 04-10-1999 15 081 0.75 —8.4 —6.0 -7.6 0.32 12.0 ice edge
31 04-12-1999 16 097 054 —13.6 —11.2 —11.4 0.46 11.8 broken ice, ponds covered by ice
32 04—-14-1999 16 0.39 0.65 —6.3 —3.1 —6.1 0.17 4.6 ice edge

“Measurement height 4, ice concentration 1., ice surface albedo 4;, air, mean surface, and ice temperature, 7, 7,
layer, wind speed ¥, and visual ice observations. Ice surface albedo 4; is determined by 4; = [4

and measured mean albedo 4.

3.3. Rough Multi-Year Ice

[24] The Fram Strait cases 24 and 25 are striking because
of a high-frequency variability of surface temperature
caused by alteration of small but thick rough ice floes and
leads.

3.4. Step Change Between Ice and Open Water

[25] All cases showing a prominent step between ice and
open water (cases 4, 11, 15, 16, 19, 26, 30, and 32) are
included into this category. A photo of the ice edge of the
Baltic Sea on 5 March 1998 (case 16) is presented in Figure
5d. There are cases with moderate differences between ice
and water temperature (10 K in case 11) and cases with
small differences (1.5 K in case 4).

3.5. Loose Ice Fields

[26] During cases 22, 28, and 29 loose ice fields were
passed over as shown in Figure 5f. Whereas the air
temperature (7 = —17°C) is clearly colder than the ice
surface temperature (T = —6°C) under low wind conditions
in case 22, air and ice temperature are both around —4°C
with a wind speed around 10 m s~ ' in cases 28 and 29.

3.6. Grease Ice

[27] Furthermore, one case of grease ice with a very low
ice surface albedo of 0.07 (case 27, see Figure Se) is
included in our study.

., and T;, fraction of stable boundary
— A, x (1 = njc)l/nic. with water surface albedo 4,, = 0.07

4. Roughness Lengths and Neutral Transfer
Coefficients

4.1. Mean Values for Experimental Regions and
Sea Ice Categories

[28] The roughness lengths, the neutral transfer coeffi-
cients, the ice concentration, the surface albedo, the vertical
potential temperature difference, and the wind speed are
listed in Table 2 averaged for the two experimental areas
and the six ice categories. The means of the roughness
lengths are calculated as loganthmlc means. For the Baltic
Sea, the mean zy-value of 3 x 10~% m is close to the results
of Launiainen et al. [2001] obtained for land-fast ice during
the same experiment using ice-based tower measurements
The roughness lengths z7and z, amount to 2 x 10~* m and
4 x 1077 m being 3 to 4 orders of magnltude smaller than
Zp. In the Fram Strait we obtaln Z0=2x 1073 m, z;=3 x
10~° m, and zg=1X 10~® m. Averaging over all 32 cases,
the mean roughness lengths arezo=5 x 107*m, zz=1 x
107* m, and zg=1x 10~7 m. This corresponds to neutral
transfer coefficients referred to 10 m of Cpyi9 = (1.9 £ 0.8)
x 107 m, Cynio=(0.9+£0.3) x 10> m, and Cppyio = (1.0
+0.2) x 107> m. The standard deviations are calculated as
the root mean square errors of the 32 cases.

[29] Studying the six ice categories, clear differences
between the Cpyo-values are identifiable and to a certain
extent explainable. The ice categories ““gray young ice” and
“mixture of gray and white first-year ice and leads”
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rough ice floes lead to the very large Cpyig of 4.5 x 10~

for the category “‘rou,
value of 2.5 x 10~

, except for
and

3
1.5 x 10~

1.3 x 107). The coefficients for the heat exchange

obviously depend less strongly on the ice characteristics

b) Pancake Ice with Frazil Ice (5+6)

d) Sharp Ice Edge (15+16)

f) Loose Ice Fields (28+29)
ghness is enlarged (Cpy19 = 2.0

, respectively), and many thick an
h multi-year ice.” The large Cpyio
for the grease ice is surprising.

Altogether, there is a wide range of momentum roughness

Six photos representing different ice character-
lengths in the MIZ. In contrast to the momentum exchange,

istics in the MIZ of the Baltic Sea and the Fram Strait. The

e) Grease Ice (27)

. Over a step change between ice and open water and

3

[30] The above mentioned findings do not depend on the

sampling length. The mean results for / = 2 km and / = 20

a) Nilas and Pancake Ice (3)

than that for the momentum exchange, and they are clearly
km, based on 103 and 10 cases, respectively, are listed in
Table 2 and do not differ essentially from those for /=8 km.

represent thin and smooth ice leading to a Cpyig of 1.5 %
smaller at all six categories.

¢) Mixture of Grey and White Ice (21)

Figure 5.

numbers in brackets refer to the cases given in Table 1. The
photos were taken at flight heights of less than 100 m.
over loose ice fields the rou

x 107 and 2.2 x 107>

Crnio and Cgyyo are always around 1.0 x 10~

the category of the rough ice (Cynio

10
Cenio
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[31] The results for open water in the vicinity of ice edge
in the last row of Table 2 are interesting in the sense that they
do not differ from the average results over broken sea ice. In
general, Cpy is larger over sea ice than over open sea [ Guest
and Davidson, 1991], but the reverse case has also been
observed [Andreas et al., 1979]. Our Cpy1o0f 1.9 x 1077 for
the open water is close to that of Guest and Davidson [1991]
for ice-free Arctic within 100 km of sea ice regions, but large
compared to such well-known studies as those of Garratt
[1977] and Smith [1988]. They are, however, based on
measurements over mature wind waves far from the coast,
and our data are from the vicinity of the ice edge, where the
waves are still in their growing phase. A Cpyyo of 1.9 %
1073 for ¥ =6.0 m s is at the upper limit of the range
observed by Drennan et al. [1999] for such conditions.

4.2. Individual Cases

[32] Looking at the 32 cases individually gFigure 6), zo
varies from 107® to 1072 m and z; from 107'¢ to 10™* m.
The very small z7 values do not mean that the heat exchange
between surface and air is practically prevented. This is
because Cy depends on both roughness lengths z, and z7
(see equation (4)). For most of the 32 cases the ratios Cyn/
Cpy and z7/zy are smaller than those based on the work of
Andreas [1987] shown for comparison in Figures 6a and 6b.
The two outliers on the upper region, cases 24 and 25,
represent very rough and small ice floes (see Figure 4). For
such conditions the formulas of Andreas [1987] fit. In the
lower region, case 10 measured during an off-ice air flow in
the Baltic Sea on 5 March 1998 is striking. In spite of the
large wind speed of 12 m s~ and surface-air temperature
difference of 6 K, the fluxes T = 0.13 Nm 2 and H = 24
Wm 2 are relatively small leading to very small roughness
lengths. This flight leg was conducted along the wind
direction. It may be that turbulence structures were not
completely gathered. In a case of organized convection, the
turbulent fluxes measured during a leg perpendicular to the
air flow are larger than those measured during a leg parallel
to the air flow [Brimmer, 1999]. This aspect is only
mentioned here as a possible influencing factor, but has
not been looked after systematically for all 32 cases.

[33] Small zz-values were also determined for the cases
11, 30, and 32. Each of them contains a step change
between ice and open water with zy-values larger than
1073, but, contrary to the momentum exchange, the heat
exchange is not increased by the step change, leading to
small zz-values. The variety of the characteristics of sea ice
cover in the 32 cases (ice thickness, size of ice floes, areal
composition of ice floes, etc.) may explain that a simple
dependence of Cpy on ice concentration, as shown, for
example, by Mai et al. [1996], could not be found. The
same holds for Cy and the ratio Cyn/Cpy. In fact, ice
concentration alone is not a sufficient property to charac-
terize the sea ice roughness.

4.3. Sensitivity of the Derived Transfer Coefficients to
Measurement Errors

[34] The calculated transfer coefficients depend on the
accuracy of the measured data. It is known that the
determination of Cpy is particularly sensitive to surface
temperature measurement errors [e.g., Calanca, 2001]. To
quantify the accuracy of our above results, the impact of

a) Roughness Lengths

10 \ \
107
107 o X8
E x31 XTp3 o2
-
N 10*12 L x11 %30 i
Xx32
107 .
x10
107" ! ! ! !
10°  10° 10"  10° 10 107
z,[m]
b) Transfer Coefficients
0.002 ‘ \ ‘ \
KR
0.0015 | e .
£ 0001 |
(@]
X
00005 | S % -
x10
O L | |
0 0.002 0.004 0.006
CDN10
Figure 6. (a) The relation between the effective roughness

lengths of momentum z, and heat z as well as (b) the
neutral transfer coefficients reduced to 10 m of momentum
Cpnio and heat Cyypg in the MIZ of the Baltic Sea and the
Fram Strait. The numbers refer to cases listed in Table 1.
For comparison, the relation based on work of Andreas
[1987] is shown for =5 m s~ (dotted line) and V=10 m
s~ (solid line).

measurement errors of both the fluxes T and A and the mean
values AO and V on the transfer coefficients Cppqo and
Cynio and their ratio is studied. The assumed error values
and their impact are listed in Table 3.

[35] Considering the air-surface temperature difference,
the systematic error spg is set to 0.75 K. This is based on
the assumption that the assumed total errors of surface and
air temperature of 1 K and 0.5 K consist of a systematic and
a random part of equal size. Increasing A® by +0.75 K in
all cases would decrease the mean Cyyyo from 0.90 to 0.75
x 1077, whereas decreasing A © by —0.75 K would lead to
a mean Cyy value of 1.15 x 1077, Considering the wind
speed, the systematic error s is assumed to be 0.5 m s~
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Table 3. Sensitivity of the Neutral Transfer Coefficients for
Momentum Cpyjo and Sensible Heat Cpyyio to Systematic
Measurement Errors Concerning Vertical Potential Temperature
Difference A©, Wind Speed ¥, Sensible Heat Flux H, and
Momentum Flux

Cpnio X 10° Cunio X 10° Cunio/Conio
Reference 1.89 0.90 0.47
AO = A0 +0.75K 1.87 0.75 0.40
AO=AO — 075K 1.93 1.15 0.60
V=V+05ms " 1.65 0.84 0.51
V=V—-05ms ' 221 0.96 0.44
H=H+1Wm? 1.89 0.96 0.51
+(22% x H/\/32)
H=H—1Wm? 1.89 0.84 0.44
— (22% x HI\/32)
T=1+5x 1073 Nm2 2.16 0.90 0.42
+ (48% x 1/v/32)
T=1—5x10"%Nm? 1.63 0.90 0.55
— (48% x 1/V/32)
AO =AO—, V= VH, 1.44 1.15 0.80

H=H+ 1=1—

based on a comparison between aircraft-based and surface-
based wind data during BASIS 1998. A change of V' by
0.5 m s~ modifies Cpnio by about £0.3 x 1073 and Cyy
by £0.06 x 1077

[36] For the fluxes, the systematic part of the error and the
systematic impact of the random part of the error are
regarded. The maximum calculated systematic errors of 1
Wm 2 for Hand 5 x 10> Nm ™ for 7 (equations (7) and (9);
Figures 3a and 3b) and the mean relative errors of 22% for H
and 48% for T for / = 8 km (Figures 3c and 3d) are
considered. The total errors taken into account are estimated
assy=1Wm 2+(0.22 x H/\v/N)ands.=5 x 10> Nm >+
(0.48 x 7//N), where N = 32 represents the number of
independent cases. The errors s;; and s. modify the ratio
Cunio/Cpaio by about 10%. A combination of all errors
leading to the largest ratio of Cyyi0/Cpyio = 0.80 is
presented in the last row of Table 3. This ratio is close to
that of Andreas [1987] for Cpyio = 1.9 x 107>, For less
rough ice (Cpyio < 1.5 x 107), even this upper limit of our
ratio is smaller than the previous results of Andreas [1987]
and Launiainen et al. [2001] over a compact ice cover.

[37] To what extent the ratio Cyy10/Cpnio 1s modified by
a combined variation of V'and A O is revealed by Figure 7.
We denote the variation in Vand A© by 6V and §(A©). The
largest ratio of 0.77 occurs for 8V =+1 ms ' and §(A©) =
—1K, and the smallest ratio of 0.32 for 6V = —1 m s~ and
0(AO®) = +1 K. Figure 7 shows that the measurement
accuracy has a distinct impact on the calculated roughness
lengths and transfer coefficients over sea ice. However,
even if the systematic measurement error had been some-
what larger than the 0.75 K and 0.5 m s~ ', our conclusion
holds that the ratio Cypa/Cpy is much smaller than one.

5. Impact of the New Roughness Length for Heat
on Parameterized Heat Flux

[38] The mean roughness length for heat of our study,
zr =1 x 107% m, is significantly lower than the values
generally used in atmospheric and sea ice models. To
demonstrate the consequences of the new zz on the param-
eterized fluxes, we compared the observed fluxes to those

SCHRODER ET AL.: PARAMETERIZATION OF TURBULENT SFC FLUXES OVER ICE

based on three different assumption for z7: (1) zy = zg, (2)
zr= fl(zo, Re) according to Andreas [1987], and (3) zy=1 X
10~% m. In all three cases z, is set to our mean value of 5 x
10~* m and the universal functions of Hogstrom [1988] are
applied. The results are given in Figure 8. In the first case
(Figure 8a), the mean parameterized H of 90 Wm ™2 is 49
Wm 2 larger than the mean observed one. H is overesti-
mated in all cases and the root-mean-square error (RMSE)
amounts to 62 Wm 2. The first case is included here
because the assumption z7 = z is usually made in weather
and in climate models (e.g., the ECMWF model [Deutsches
Klimarechenzentrum, 1994] and HIRLAM [Kdllen, 1996]).
In the second case (Figure 8b), the discrepancies between
measured and parameterized H are reduced, but H is still
overestimated (AH =32 Wm ™2, RMSE = 41 Wm?). In the
third case (Figure 8c), the agreement is much better (AH =
—3 Wm 2, RMSE = 15 Wm™?), but cannot be interpreted
as a verification of our new roughness lengths and transfer
coefficients because the same data set was used in deriving
them. It is, however, noteworthy that simply applying a new
constant z7 (that is not equal to zy) reduces the RMSE-value
by a factor of 3 to 4 in a data set that includes observations
over various types of sea ice cover. Our zzmodification
leads to a relative reduction of H by a factor of more than
2 (on the average) and to an absolute reduction of up to
150 Wm ™ in individual cases in comparison to the first
case and up to 100 Wm ™2 in comparison to the second case,
demonstrating the large sensitivity. Changes of such an
order of magnitude have an important impact on the surface
energy balance. It should be noted that we do not criticize
the validity of Andreas [1987] over a compact ice cover (it
was recently verified by Andreas [2002]), but show that the
situation is different over a heterogeneous ice cover.

CHNIO/CDNIO

110.:32-0.35 -0.44

0.38

-0:49

045

0.540:35- 0.

5(80) 4|
[K]

0.55- %.’6/0.63

-0.510.46 § 90

-140.55 04

-1 -05 0
6V [ms™]

Figure 7. Dependence of the ratio of the transfer
coefficients of heat and momentum Cgyyi1o/Cpyio ON
systematic variations of the vertical difference of potential
temperature o (A©) and of wind speed &V.
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the cases listed in Table 1.
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6. Concluding Remarks

[39] Turbulent heat and momentum fluxes as well as the
surface temperature, air temperature, air humidity, and wind
speed were measured by aircraft over the MIZ of the
northern Baltic Sea and the Fram Strait. From these mea-
surements, effective roughness lengths and corresponding
transfer coefficients for momentum and sensible and latent
heat were calculated. Aircraft-based fluxes sampled over
8-km intervals are proper for this purpose as manifested (1)
by error calculations based on the methods suggested by
Kaimal and Finnigan [1994] and Lenschow et al. [1994],
(2) by the agreement between aircraft-based and surface-
based fluxes observed during BASIS [Briimmer et al.,
2002], and (3) by the fact that the fluxes are very sensitive
to independently measured variations of the underlying
surface. We restricted our studies to unstable boundary layer
cases, because under such conditions the aircraft-based
surface flux estimates are less sensitive to measurement
height. When calculating zy, z5 and z,, not only the fluxes
but also the mean quantities (¥, AO, Ag) have to be correct
within acceptable limits. It is known that particularly the
surface temperature is a sensitive parameter [e.g., Calanca,
2001]. To reduce the impact of measurement errors, we
selected only cases in which the magnitudes of wind speed,
temperature difference, and turbulent fluxes are at least
three times larger than the measurement errors.

[40] The results show that the mean effective roughness
lengths for sensible and latent heat (zz=1 x 10~ m and z,

1 x 10" m) are 4 to 3 orders of magnitude smaller than those
for momentum (zo =75 x 10~*m). The correspondlng neutral
transfer coefficients are Cpp1o= (1.9 £0.8) X 1073, Cynio =
(0.9 £ 0.3) x 1072, and Cgyio = (1.0 £ 0.2) x 107°.
Considering the ratios of the roughness lengths and transfer
coefficients, our results obtained from measurements over the
marginal sea ice zone differ from previously published results
for compact sea ice [Andreas, 1987; Launiainen et al. 2001]

This holds particularly for the less rough ice (zg < 10 m),

where our ratio of zo/zy ~ 10* is 2— 5 orders of magnitude
larger. For the very rough ice (zo> 10> m) the differences are
smaller and within the limits of inaccuracy of our results. We
are not aware of previous observations of roughness lengths
for heat over the MIZ. The ratio (zo/zy ~ 10%) is, however, in
agreement with observational results of Beljaars and
Holtslag [1991] and Mahrt and Ek [1993] obtained for
heterogeneous land surfaces. This appears to be reasonable,
because from the point of view of the surface temperature
distribution, a mixture of sea ice and leads resembles more a
heterogeneous land surface than a compact ice cover.

[41] The question arises why z7is so much smaller than z,
over heterogeneous surfaces. A qualitative explanation is
given by Beljaars and Holtslag [1991]: Sparsely distributed
large obstacles increase the shear stress with height in the
near-surface layer and therefore the effective z, is larger
than the local z,, of the prevalent surface cover. In contrast to
momentum transfer, heat and moisture fluxes mainly
depend on the net energy available at the surface. Thus
the effective zz has to be smaller than the local zrand clearly
smaller than the effective z, [see Beljaars and Holtslag,
1991, Figure 6]. Transferred to a broken sea ice cover, z7 is
relatively small due to larger areas of flat ice, whereas zj is
increased by the ice ridges and floe edges. Further, the form



26 - 12

drag caused by ridges and floe edges does not directly affect
heat exchange and Cyyy;9, which depend both on z, and z
Hence, to compensate for the effect of increased z, in
Cunio, zr must be decreased. Therefore z; over a broken
sea ice is lower than that over uniform sea ice. In the
presence of ice ridges (larger z,), zy decreases also in the
work by Andreas [1987], but in our case the decrease is
larger. This may be related to the fact that we study a
heterogeneous surface, over which the validity of Monin-
Obukhov similarity theory is not guaranteed. In lieu of any
better theory, weather prediction and climate models apply
Monin-Obukhov similarity theory over various kinds of
Earth’s heterogeneous surface. This is relevant because,
also, over heterogeneous surface the turbulent surface fluxes
(T, H, and LE) depend on the surface-air differences of the
mean quantities (¥, ©, and ¢). The quantitative dependence
and the structure of turbulence may, however, be different
from that over a homogeneous surface. Accordingly, exper-
imentally based parameter values are needed to describe the
flux-profile relationships over heterogeneous surfaces, and
it is reasonable that these parameter values may differ from
those found for homogeneous surfaces.

[42] The observed sea ice in the MIZ shows a high degree
of variability concerning floe size and horizontal distribu-
tion, ice thickness, and free-board height. Thus a wide range
of zg-values from 107° to 10~2 m occurred. This explains
why a simple dependence of Cpyqo on only one parameter,
namely ice concentration, could not be found.

[43] A comparison between the measured and parameter-
ized fluxes using different roughness lengths shows that (1)
the commonly used parameterizations (zy = zo) strongly
overestimate the surface heat fluxes over a broken sea ice
cover and (2) realistic heat fluxes can be parameterized if
significantly smaller values for zz than for z, are used.
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