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Estimation of components of energy balance on drifting
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Abstract Estimation and simulation were carried out for the components of ice-surface energy balance and tur-
bulent exchange parameters using the flux-profile method and the simple biosphere model version 2 (SiB2, hereinafter)
respectively based on the measured results for the atmosphere in the near-ice-surface layer, which were observed by the
First Arctic Scientific Expedition of China in August, 1999 at a joint ice-research station (75°02'N, 160°51'W) on the
drifting ice of Arctic Ocean. Evidence suggests that during the melting period of drifting ice the sum of the ice-released
sensible heat and effective melting-consumed heat is greater than the net ice-absorbed radiation on the surface, with the
excess heat coming via heat conduction from the deep layers of the ice mass. The simulated net radiation is systematical-
ly 18% greater than the measured results, while the simulated sensible heat flux is systematically 3% lower than the
measured ones; and the simulated ice-surface heat flux differs noticeably from its calculation. Hence, we see that al-
though the measured sequences are short, the simulations of net radiation and sensible heat fluxes by the SiB2 model are
comparatively good, the simulation of other forms of fluxes still needs to be improved.
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In the study of the effect of the ocean-ice-atmosphere interactions and their feedback mechanism

on global climate! 2]

one of the major problems of scientific interest is to determine the parameters of
momentum, energy and vapor exchange in the atmospheric boundary layer. Due to the northernmost
geography and adverse environment of the Arctic Ocean, boundary-layer observations are lacking in
this region. Badgleym investigated the annual variation features of components of the energy balance.
Lindsay'*' analyzed and simulated the time-dependent variation in such components over the Arctic
drifting ice surface by virtue of 45-year meteorological data obtained from the station of the former
USSR, and suggested that the ice melting plays a role of effective heat consumption. Meesters.®! re-
searched the profiles and turbulent fluxes in the near-surface layer over the flat and melting ice in
Greenland. Handorf'8! studied the turbulent transfer over the Antarctic sea ice surface, focusing on
quantifying the actual balance height of a steady atmospheric boundary layer, and indicated that atmo-
spheric stability has to be considered in the relations between parameters. Johannessen!”! discussed

(8]

the possible effects of the trend of Arctic ice size shrinking on the climatic variation. Bian'®" investi-

gated the annual variation in the components of surface energy balance over the Antarctic coastal area,
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and compared the results with those of the Arctic counterparts studied by BadgleyB:| . Internationally,
some studies have been reported on the Arctic ocean ice-cover-air interactions and the physical pro-
cesses in the boundary layer, but there is still controversy over the research results, such as the
rational determination and parameterizations of the valu of momentum, heat and vapor exchange. All

these need to be quantified with the aid of further observational facts and relevant analysis.

Using the observation data from the Arctic joint station in August, 1999 about such parameters
as temperature, humidity, wind profile and components of radiation balance in the near-ice-surface
layer, and adopting the profile method, we calculated the components of energy balance equation,
and simulated the components of the energy balance equation in the period of August 19 ~ 24 by SiB2
model with the ice cover considered as the underlying surface (regardless of the presence of vegeta-
tion) . This approach may serve as a reference for the research of a boundary-layer parameterization
scheme for the Arctic Ocean.

1 Measurements

A joint-ice-research station was constructed on a quite plain drifting ice with multi-year history,
4 m in depth and 0.5 km? in area. 50% ~ 70% of the surrounding region was drifting ice, and some-
times the station was encircled by floe driven by winds and oceanic current. The scope under observa-
tion had the characteristics of high-latitude ice lumps in their melting, i.e. the surface is snow-free

on the whole, grayish and opaque owing to melting and freezing.

The meteorological tower was 8 m high. Sensors of temperature, humidity and windspeed were
mounted 0.5, 4 and 8 m above the surface for gradient observations and that of wind direction was in-
stalled at the top of the tower. The upward and downward radiometers were fixed on a 1.5 m high
mast to measure the global and reflected radiation of the ice surface, and upwelling and downwelling
long-wave radiation. In order to obtain ice temperature profile, three temperature sensors were set at
the depths of 0.1,0.2 and 0.4 m in the ice, respectively, while a temperature sensor was set at the
ice surface. Before setting, the instruments and sensors were calibrated against the standards in the
metering station of China Meteorological Administration. The Arctic observations were undertaken
from 00:00 (local time) of August 19 to 16:00 of August 24, 1999. Continuous series of meteorolog-
ical data of 10-min means, and synchronous visual data of cloudiness, cloud forms, visibility and
weather phenomena were obtained.

2 Calculation schemes

The energy balance equation at the ice surface can be written in the form'*’
R,=H+LE+G+ M, (1)
where R is the net radiation calculated out with up- and downward long- and short-wave radiation us-
ing the relationship R, = S, - S, + L, — L (S, is the solar short-wave radiation, S, the reflected
short-wave radiation from ice surface, L, the longwave radiation down from the atmosphere, and L,
the longwave (infrared) radiation emitted up from the ice surface), H the sensible heat flux, LE the
latent heat flux, G the ice heat flux and M the effective heat flux for ice melting, which could be ac-

quired from the gradient observations, flux-profile method and simulation .
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2.1 Profile technique for turbulent flux

There are many turbulent flux measuring and calculating schemes. Here we adopt the widely-

(9]

used aerodynamic method. By virtue of Monin-Obukhov similarity theory'”’ and with the known flux-

(10} , we obtained the frictional wind u , , characteristic temperature T, , characteristic
humidity ¢ . and Monin-Obukhov stability length L using the iteration method. The fluxes of H and

LE are

profile relation

H

- 0Cu.T,, (2)
LE = - pLyu.q., (3)

where p represents the density of atmosphere in the near-surface layer, L, the coefficient of latent

heat of evaporation at 0°C and C, the specific heat of moisture air at constant pressure.

2.2 Calculation scheme of ice heat flux

After temperatures of the ice surface and several depths inside are found, the force-restoring

method is employed to examine the ice heat flux!!!]

G c (—) 2 C—CA(T Ty) (4)
= +2r - ,
A\ a; r ¢ "

where I' denotes the period of the daily cycle (I' = 24 x 3600 s), T the ice-surface temperature,
Ty the deeper ice temperature, ice heat capacity per unit area Cg, = C x d,(J/ m?K)? with € c(=
2.05 x 10° J/m*K) 1] as the volumetric heat capacity and d, = [(7,[')/(4n)]"? as the effective
ice depth that can sense the diumal cycle, 7,( = 0.92 x 1075 m?/s) the ice heat diffusivity!*', Cc,

aT GA
(a—c) the ice surface response to the net radiation and 27 -F( Tg - Ty) the thermal conduction
t

between the surface and the deeper ice layer for heat exchange balance.
2.3 Calculation of heat absorption in melting

An ice-snow surface differs from that of soil. It has melting and condensation. So there is differ-
ence in the heat balance expression between them. When the ice surface is warmer than its melting
point, the melting-absorbing heat M is expressed as M = C¢(T; - T,;)/At, where T, is the melt-
ing point temperature depending strongly on ice salinity, about which Lindsay gave a detailed descrip-
tion!!, and T, =273.16-0.054118 with S as the ice salinity in units of g/kg), Cg is the volu-
metric heat capacity of ice based on a 10-min mean sample. For At =600 s, M is obtained by calcu-

lating the temperatures ( T;) of all the sampled levels.

2.4 Application of the model SiB2

The SiB2 model developed by Sellers et al 1" serves to simulate the interactions between

1) 10°J=11.57 W
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Fig. 1 Time series of 10-min mean of downward radiation

(solid line: shortwave S, and dot line: longwave L,(a)), air

temperature T(b), relative humidity A(c), horizontal wind u
(d), and ice-surface albedo a(e), for August 19 ~24, 1999,

air and a range of underlying surfaces ( including
the biosphere) to get quantities of sensible and

latent heat fluxes, surface temperature, aerody-

namic resistance and others. These boundary-layer

processes are investigated largely by means of a
two-stream approximate radiative transfer model to
get the up- and downward radiation fluxes, and the
five components of incoming radiation, i.e. those
of visible (diffuse and direct), near infrared (dif-
fuse and direct), and infrared radiation. Surface
albedo and net radiation absorption are parameter-
ized to be a function of solar elevated angle, atmo-

spheric and surface properties.

The six forcing variables to be inputted into
the SiB2 consist of downward short radiation S,,
and long-wave radiation L,, humidity A, air tem-
perature T, horizontal wind u and precipitation
R . The former five variables are from the in situ
measurements as shown in Fig. 1. During the ob-
servation period snowfall happened occasionally,
but the precipitation was also almost zero. Fig. 1
includes surface albedo owing to its importance.
Fig. 1 shows that even it was near the polar-day
period, the high-latitude zone was dominated by
low temperature and high humidity. From the ob-
servation of about 6 days, the downward radiation

was found to be 2 ~ 3 times higher in the fine days

than in the overcast days; the maximum downward radiation on clear days exceeded 600 Wm™?2 as

compared to ~ 200 Wm ™2 on overcast days; the downward long-wave radiation showed no big differ-

ence in both cases, reaching the order of 300 Wm ™2 and dropping slightly with the reduced humidity

in the fine days; the ice surface albedo varied litile for strong winds and low temperature, attaining

roughly 0.8 for low winds in the fine days; when the temperature rose and the ice surface began to

thaw, the albedo was somewhat reduced.
3 Discussion

Setting the albedo and emission of the near

infrared band radiation from the ice surface to be

0.70 and 0.97, respectively, we simulatied the net radiation R,, sensible heat flux H, latent heat

flux LE for the surface, ice heat flux G, and effective radiation temperature.

3.1

Net radiation

Figure 2 shows a comparison between the observed (or calculated by flux profile method) and
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simulated (by SiB2) energy balance components, 200
including net radiation, sensible heat flux, latent TE
heat flux, ice heat flux and melting-absorbed heat E’
flux. The net radiation values are shown in Fig.2

(a), the phases of the daily cycle of the observed ‘lgg
1

100

O+

and simulated values are in rough agreement, with
the maximum (minimum) in the midday (noctur-

nal) hours of the area. The simulated values are

bigger (smaller) than the observed values in the (b)

daytime (nighttime). The 6-day time series of the 30

simulated net radiation has systematic errors (Fig.3

(a)); that is, the simulated values are overesti-

mated by 18% on average, as compared with the

observed ones (R,, =0.82R, ), whereas the size  -30 L 1 L L L ©

of samples is 816 with the correlation coefficient of
0.85. The values of daily mean total are 2.5 and
0.9 MJm~? from the simulations and observations
respectively, and the difference maybe arises from
the fact that the SiB2 took no sufficient account of

the interactions between the sea with or without

floe, and the atmosphere. The setting of the con-

- - L
stants of the radiation equation is based on the con- % 0 pFrarm e T '
" . =50 |
dition of vapor, the temperature of the air and the N . . . L ®
properties of the underlying surface, particularly 19/8  20/8 21/8 22/8 238 248
. . . Date/month/1999

the climatic features of low temperature and high

humidity of the target ocean. Fig. 2 Comparison between the simulated (dot line) and ob-
. served or calculated ( solid line) values of the net radiation

3.2 Turbulent heat flux (a), sensible heat flux(b), latent heat flux(c), ice heat flux

. . (d) and melting absorbed heat flux(e) .
A comparison between the simulated and the

calculated values of sensible heat flux is given in Fig. 2(b); the former is by 3% (H,=1.03H,)
lower than the latter. Their phases are in rough agreement, and their daily variations are pronounced
with a correlation coefficient of 0.95 (Fig. 3(b)), showing that the SiB2 can well imitate the sensi-
ble heat flux, giving a the daily mean total of 1.26 MJm ™2 for the 6-day experiment rather than 1.14
MJm~? from the calculations. Because the temperature of ice surface was higher than the melting
point, there occurred melting, which was not included in the model, so the simulated sensible heat
flux is greater than the calculated one. On the other hand, as evidenced from Fig.2(c), both the
simulated and calculated latent heat fluxes are quite small, displaying no remarkable daily variation,
and the latent heat was negative-valued in most of the period over the ice surface owing to the moist
advection from the sea. On the fourth day of the observation the ice surface began to melt because the
sea around the station was floe-covered and the winds were slightly mitigated, which increased the hu-

midity on ice surface, leading to positive value of the calculated latent heat flux. Because no melting
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Fig. 3 Simulated results of net radiation ( R,,) versus the observed net radiation ( R,,) (a), and the simulated sensible

heat flux ( H,) versus the calculated analog ( Hp) (b) .
is considered in the model, the simulated latent heat flux differs from the calculated one, with the
simulated daily mean total of —0.11 versus —0.21 MJm~?2 from calculations. It seems that the ef-
fects of negative latent heat flux have to be considered when we investigate the contribution of latent

heat transfer to air in the floe area.

3.3 Ice heat flux and melting absorbed heat

Part of the ice-absorbed net radiation in the daytime serves to heat the atmosphere in turbulent
form, the rest is consumed to melt ice or go into the deep of ice-body. The nocturnal radiative cooling
offsets the ice-liberated heat flux. For short of equipment, we did not measure the temperature inside
the ice body below 40 cm so some errors are possible. From the temperature profile (Fig. 4) we no-
tice that the temperature at 40 cm depth has no change, nor experiences diurnal variation at all,
showing that this layer is a mixed one of the heat exchange between the upper and lower level. The
simulated and estimated ice heat fluxes in a daily cycle are shown in Fig. 2(d) and the daily total av-
erages of 6 days are 1.42 and - 1.40 MJm 2. They differ greatly, which is possibly because this
model took no account of the permeation of melted liquid into the ice depth, which might alter the

properties of thermal conduction therein.

The calculated absorbed melting-heat is given in Fig. 2(e). During the 136 hours of observa-
tion, the ice temperature was above the melting point for 56 hours. In the noon hours of 19 ~ 20, Au-
gust, it was overcast, so the consumed meliing-heat was not remarkable. But in the midday hours of
August 21, strong net radiation emerged over the ice and the maximum heat consumption for melting
was observed. In the afternoon of August 22 the sky was clear, leading to stronger ice surface melting
due to the intensive solar radiation and the effective energy consumption reached > 100 Wm~2. The
consumption of heat is therefore more significant in fine days than in overcast weather and the daily to-

tal was 1.27 MJm~? averaged over the 6 days. Thus the consumption melting-energy is an important
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Fig.4 Time series of ice temperature for August 19 ~ 24, 1999.
component of energy balance in the target region. The melting of ice was not included in the SiB2
model and the left-over part after subtraction of sensible and latent heat from the net radiation was tak-
en as the ice heat flux, thus resulting in a bigger difference between the simulation and calculation of

ice heat flux.
3.4 Turbulent exchange coefficients

Figure 5(a) depicts the atmospheric stability parameters Ri and z/L for the 136 hourly samples
based on the flux-profile calculations for the Arctic plain ice surface. Except few of the absolute val-
ues of Ri and z/L were greater than 0.1, most of them were smaller than 0.05 or close to zero. It
indicates that atmospheric stratification on the floe region was near neutral and has quite weak turbu-
lent exchange even in fine weather during the polar-day period. Fig.5(b) shows the time series of
turbulent exchange coefficients of calculated momentum ( Cp,) and heat (Cy). We can see that very
few of the values are related to atmospheric stability, and the others range over 0.5 x 1072 ~ 2 x
1073, As a result, Cpy=1.24 x 1073 and Cyy = 1.12 x 1073 are obtained for the near neutral
stratification (Ri ~0 and z/L =0). A long-term research of on-ice energy budget in the Arctic O-
cean Lindsay'*) used the exchange coefficients of 2.30 x 10~ for both heat and vapor in the near
neutral stratification. These coefficients as well as the calculated sensible and latent heat fluxes are
roughly two times as great as those found by us in the experiment. In the observation we obtained Cpy
and Cyy for winds at 2 ~ 9 m/s over the flat floe, which are typical results for the Arctic Ocean.
Those values are smaller than Cpy=2 x 10 ~3(for flat land) and greater than Cpy=~1 x 103 (over
sea). In view of the limited number of observations made in the floe zone, the observed values of the
two parameters differ noticeably. They were obtained in different observational experiments. This is a
problem to be resolved by longer observations of the atmospheric boundary layer over the Arctic Ocean

in future.
5§ Conclusion remarks

The 6-day simulated energy balance components over the Arctic floe area indicate that the SiB2
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Fig. 5 Time series of Ri and z/L (a) and Cpand Cy(b) for Augnst 19 ~24, 1999.

is good for simulating the net radiation and sensible heat flux but is poor for ice heat flux and latent
heat flux. Because the ice melting is not considered, the closing error between the simulated H + LE
+ G and the measured net radiation is quite large, whereas the difference is relatively small between
the calculated H + LE + G + M from the flux-profile scheme, the ice heat flux and consumed melting
heat equations and the measured daily total of net radiation. The maximum(minimum) difference AR,
(R,-(H+LE+G+M)) is 15% (8% ), averaging 11% . If we consider the accumulated errors
arising from the observing instruments and calculation, they are relatively rational. The heat balance

components of Arctic floe vary in the following manner.

(i) Ice-released sensible heat and effective heat consumption in melting are greater in value than
ice-absorbed net radiation with the excess of energy coming dominantly via the conduction of heat from
the depth of ice to its surface. The melting-consumed effective energy is an important parameter in
dealing with the heat balance over the floe region and is of the same order of magnitude as that of sen-
sible heat flux.

(ii) The negative latent heat flux over the floe in most of the observations is associated with the
moist advection from the ice-free sea. “Humidity inversion” disappears and positive latent heat flux e-
merges when the station is surrounded by drifting ice over several kilometers around. Because the tem-
perature was around 0°C during observation, the rates of evaporation and condensation were low, im-

plying that their fluxes were small.

(iii) The near ice-surface layer atmosphere is in a neutral stratification. The weakly unstable or
stable stratification was developed only for a short time in fine weather. The exchange coefficients of
momentum and heat are 1.24 x 1073 and 1.12 x 102, respectively, in the near neutral stratifica-

tion.
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