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Abstract

In the Nepal Himalayas there are many glacial lakes of the 1 km order scale on the surface of debris~covered
glaciers. Tsho Rolpa Glacial Lake in eastern Nepal was once a small pond probably in the early 1950s, and now
has become the largest glacial lake in the Nepal Himalayas. It is significant to clarify the heat source for the
expansion process of a glacial lake. However, the present thermal regime of the glacial lake is still unknown.
Hence, the heat balance of the lake was examined from the meteorological and hydrological data in 1993 to 1996.
The result shows the increasing heat storage period of the lake was concentrated in May i.e., between the end of
the ice-covered period and the start of the glacier melt season. During the monsoon season the heat loss by
discharge was large, and the heat storage of the lake continue to decrease until October. During the ice-covered
period from November to end of April, there are no heat input to the lake surface and no heat loss with discharge.
On the other hand, the bottom ice continues to melt through a year by the heat storage in the lake.

1. Introduction

There are many glacial lakes which were glacier-dam-
med or moraine-dammed in Iceland, Norway, Alaska, Peruy,
New Zealand, China and several other countries (Thorarins-
son,- 1939, 1957; Post and Mayo, 1971; Liestol, 1956; Lliboutry,
1977; Lliboutry et al. 1977a, 1977b; Kirkbride, 1993; Chen ef
al., 1999). Such glacial lakes sometimes produced the so
-called Glacial Lake Outburst Flood (GLOF) due to the
moraine collapse. GLOFs of moraine-dammed lakes ac-
companied with huge mud flow have caused serious damage.

In the Himalayas large valley glaciers several kilo-
meters in length have mostly debris-covered ablation areas,
and occupy more than half of the glacialized areas (Mor-
ibayashi, 1974). Debris-covered glaciers advanced during the
Little Ice Age between the 16th and 19th centuries. At
present some debris-covered glaciers are retreating in asso-
ciation with the horizontal expansion of the glacial lakes
which emerged during recent decades. Some debris-covered
glaciers have supraglacial lakes on the termini, which are
surrounded and dammed by the moraine formed during the
Little Ice Age. Lake water overtopping a moraine carries
sufficient energy to break easily through a moraine-dam.
The overtopping of lake water is caused by a large wave,
which is generated by the huge mass falling down into the
lake, such as a snow or glacier avalanche from a steep slope
beside the lake and also the advancing, sliding and calving of
the mother glacier into the lake. Earthquakes should also be
considered as an external trigger contributing to a lake
~burst. GLOFs have occurred at least 13 times since the 1960s
in the Arun and Sun river basins; they are the most serious
natural disasters for the development of water resources
(LIGG / WECS / NEA, 1988).

Kirkbride (1993) indicated that the retreating activity of
a glacier terminus changes from melting to calving and that

the change accelerates the expansion of a glacial lake. Heat
balance study at a glacial lake is significant to clarify the
heat source of glacier ice melt which corresponds to the
expansion of a glacial lake. Therefore, the purpose of this
paper is to examine the present thermal regime of Tsho
Rolpa, the largest glacial lake in the Nepal Himalaya.

2. Background of Tsho Rolpa Glacial Lake

In order to estimate the thermal conditions of the lake
expansion at present, meteorological and hydrological obser-
vations were carried out in 1993 - 1996 in Tsho Rolpa Lake
(27°5U'N, 86°29’E), Rolwaling Valley, eastern Nepal (Fig. 1;
modified Schneider’s topographic map (Schneider, 1981)).
The drainage area including the lake surface is 77.6 km? with
the 71.89% glacial coverage; 55.3% and 16.5% are occupied by
a debris-free and a debris-covered glacier (Trambau Gla-
cier), respectively (Yamada, 1996). The lake surface area and
the volume were 1.39 km? and 76.6 million m® in 1994, respec-
tively (Kadota, 1994).

The horizontal expansion history of Tsho Rolpa Glacial
Lake has been analyzed from the data of aerial photos,
topographic maps and satellite images (Earth Resources
Technology Satellite [ Multispectral Scanner System; MSS],
MOS 1 [Multispectral Electronic Self-Scanning
Radiometer] and LANDSAT [MSS]) (Mool, 1995). In 1958
the surface area was 0.23 km? according to the topographic
survey by the Survey of India. Assuming that the growth rate
is constant, the lake appeared probably as a pond in the early
1950s.

Chikita et al. (1997, 1999) have analyzed the dynamics in
the lake and concluded that the surface water flow caused by
the valley wind enhances ice calving at the terminus of the
glacier. Sakai ef al. (2000) estimated the expansion rate of
Tsho Rolpa Glacial lake by the heat balance method. From
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Fig. 1. Drainage basin of Tsho Rolpa Glacial Lake, Rolwaling
Valley and its location in Nepal.

that calculation the present expansion rate of this glacial
lake is 2.4x10°m® yr~!, which corresponds to 3% of its
present volume (76.6 million m®).

3. Observation methods

Figure 2 shows the observation sites on the bathymetric
map made in 1994 by Kadota (1994). The maximum depth is
131 m at site LD. The meteorological elements were mea-
sured at site LM on the islet 2.1 m above ground at hourly
intervals from 1 June 1994 to 31 May 1995.

Surface water temperature of the lake (75) was also
measured every hour at site LS using a thermistor sensor
fixed at a water depth of about 5 ¢m from 8 June to 9
November 1994 during the lake surface water opening.
Water level and temperature at the outlet were observed at
one-hour intervals at site LO. The water level is converted
to the amount of discharge by using the stage-discharge
curve (r=0.99), which was obtained by discharge measure-
ments in various water levels at site LO. All measured
meteorological and hydrological data with accuracies are
presented in Table 1 with averaged or summed data.

Vertical water temperature distributions were obtained
using a water temperature depth sensor at site LV near the
deepest point 8 times from 1993 to 1995. Other vertical water
temperature distributions were also observed at several
points along longitudinal cross section of the lake. The
accuracy of depth is + 0.5 m and that of temperature is +
0.05C.

4. Observation results

4.1. Physical conditions of the lake

Seasonal fluctuations in water temperature were obser-
ved at site LV (Fig. 2). The water temperature fluctuated in
the surface layer of less than 50 m in depth (Yamada, 1998).
Below this depth, the temperature remains almost constant
at about 2.7°C, in spite of the maximum density of pure water
at around 4°C. This is because the suspended sediment con-
centration (SSC) of Tsho Rolpa is extremely high (more than
100 mg!~* at the surface, more than 300 mg/~* at the bottom).
The bulk density is fully controlled by the amount of
suspended particles which are mainly transported into the
lake by the cold and highly turbid en-glacial water (Yamada,
1998). The lake water retains very stable stratification since
the SSC increases almost linearly with depth throughout the
year (Yamada, 1998).

The lake began to be covered with ice on 10 November
1994 by visual observation. The surface ice was about 5 cm
in thickness on 22 April 1995 and covered with snow, and the
lake ice had completely melted on 7 May in 1995 (personal
communication with Kadota, T. and Fujita, K.). Therefore, it
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Fig. 2. Location of observation sites on the bathymetric map of Tsho Rolpa Lake. Numerical

values indicate water depth in meters.
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was assumed that the ice melted out on 30 April. Thus, the
ice cover period was from 10 November to 30 April.

4.2. Meteorological and hydrological conditions

A time series of daily meteorological data are shown in
Fig. 3 (a) and (b} from June 1994 to May 1995. Average data
of the observed meteorological elements are summarized in
Table 1. In the Nepal Himalaya, the rainy monsoon season
begins usually in June and finishes in September. In the rainy
season 1994, the solar radiation was relatively low (about 235
W m™? in average) and the humidity averaged 95%.

Surface water temperature of the lake {7Ty) at site LS
and water temperature of the outflow (7,) at site LO through
the outlet were measured every hour; the seasonal variation
in the daily mean values is shown in Fig. 3(c) (Yamada, 1995).
The extrapolated data of water temperature at the outlet
(T,) in 1994 were estimated from the surface water tempera-
ture 75, and 7 in 1995 was inversely estimated from 7, as
shown by a thin dashed line and a thick dashed line, respec-
tively in Fig. 3(c), since T was always larger than measured
T,, which was roughly equal to {7:-0.5) in C. Data of both
T, and 7 were not obtained from 1 to 7 June 1994, but the

a)
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Tablel. Meteorological and hydrological data from 1 June 1994 to 31
May 1995 and instrument errors. Average or total value was calcu-
lated including the interpolated data.

Elements Average or total | Error
Air temperature -1.1¢ 0.1C
Wind speed 2.4 m sec™? 2%
Precipitation 435 mm yr* 0.5 mm
Relative humidity 68 % 3%
Solar radiation 219 Wm~— 2 Wm™2
Surface water temperature .
(During open water period) 53T 0.4C
Water temperature at outlet | 3.5°C 0.4C
Water level - 3cm
Discharge from the outlet 106 %107 m® yr! | 0.1 m® sec™!

values were assumed to be the same as the data on 8 June.

Water level data for discharge calculation were not
obtained from 5 September to 15 November 1994. Discharge
during the period of no water level data was estimated by the
assumption that the water level decreases linearly over time
in this period (-1.3 cm day™'). The seasonal variation in daily
discharge is shown in Fig. 3(d), where the estimated data is
indicated by a dashed line. The discharge increased remark-
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Fig. 3. Temporal variations in daily average data from 1 June 1994 to 31 May 1995 (a) wind
speed, W, and precipitation, P; (b) relative humidity, Rk, and solar radiation /*; (c) air
temperature, T,, water temperatures, T at the lake surface and T, at the outlet. Dashed
lines indicate estimated values and {d) water discharge at the outlet. A dashed line

indicates interpolated values.
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ably in early June 1994 and reached its peak in early July
1994; thereafter it decreased gradually until early November.
On the other hand, in 1995 the discharge increased in early
May. The beginning of the glacier melt season varies from
year to year.

5. Heat balance of the lake

5.1. Basic equation

The change in heat storage of a lake, dS/dt, consists of
the net heat input at the water surface, @, the heat released
by water discharge at the outlet, @, the heat input by
meltwater inflow into lake, @, and the latent heat of fusion,
Qn, for ice-melt on or below the bottom (Fig. 4). The heat
balance equation is as follows.

as
“;1‘2’“: Qs+ Qi+ Qo+ Qm (l)

Heat input to the lake is taken to be plus, and heat outgoing
from the lake is taken to be minus.

5.2. Calculation of each term

5.2.1. Change of heat storage in the lake, dS/dt

The change of stored heat in the lake, dS/d#, during the
times #; to £ {(f;>#,) is defined:

das

“Zi}__—‘ Sz— SI- (2)

The melting point of ice (273.14 K) is taken as the reference
for heat content, and hence water at the melting point is
regarded here as containing no heat. The average horizontal
difference of vertical water temperature distribution obser-
ved at several points along the longitudinal cross section at
the same time was only 0.2C. Then, S; (;=12) is heat
storage at the time #. S; is estimated by the following
equation, assuming that water temperature at a certain
depth is the same over the lake:

Zi
Si=co\ A2 Td2) - Toldz, ®
where ¢ = Specific heat of water [ = 4.2x10° J K- kg™'],

o = Density of water [ =1000 kg m~2]},
z; = Total depth (m) at the time ¢,

TAz) = Water temperature (K) at z m in depth at the

time t{;

Tw = Temperature of ice melting point (=273.14 K}
and

A(z)= Area of horizontal cross section (m?) at z m in
depth.

Using the vertical temperature profiles at site LV, heat
storage in the lake in various seasons was calculated as
shown in Fig. 5. Although the observation frequency was
limited, the heat storage tended to increase between Febru-
ary and May in 1994. Despite the relatively high air tempera-
ture during the summer monsoon season, the heat storage
decreased with time in 1993 and also 1994.
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Fig. 5. Fluctuation of heat storage from 1993 to 1995. Solid
circle: calculated from observed water temperature distri-
bution. Cross: estimated for the end of ice-covered period
(on 30 April, the same date in 1994 as the observation in
1995) by assuming the constant decreasing rate of heat
storage during the ice-covered period and the same heat
storage at the both ends.

5.2.2. Heat input, Qs
-Open-water period-

The heat @, coming into the lake during the observation
period {#) can be calculated by the following heat balance
equation at the lake surface:

Qs=3I+R+H+E+P), @

where I = Net shortwave radiation,
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Fig. 4. Schematic image of the heat balance elements at the glacial lake. AS: Change of the
heat storage; Qs heat input to the lake surface; @, released heat with discharge; @;: heat
input with meltwater; Q. heat loss for calving ice melt and ice melt at the bottom of the
lake.
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R = Net longwave radiation,

H = Sensible heat flux,

E = Latent heat flux, and

P = Heat input with precipitation.

All fluxes are positive as they direct towards the lake sur-
face.

The net shortwave radiation input to the lake surface is
calculated by:

I=(1-a)l: )

The relationship between one-hour averaged albedo {g) and
solar altitude (%){(in degree), obtained by Sakai ef al. (2000)
may be expressed as follows:

a=0.782""%, 6

The albedo decreases with increasing solar altitude as shown
by the power function.

Net longwave radiation input to the lake surface is
expressed as:

R=R'—oT} (7)

where R' = Downward longwave radiation (W m™2),
¢ = Stefan-Boltzmann constant [=5.67 X107 Wm™
K~*] and
7T = Water temperature of the lake surface (K).
Daily mean values of the downward longwave radiation R*
are evaluated by the following equations (Kondo ef al., 1991}

. _[,_ Ra
R _aT%,[l [1 GT%]C], @®)

C=0.03B*—-0.30B°+1.25B—0.04, B=0.0323 (9

=0, B=>0.0323
with B=J'/I:,
where 7,= Air temperature [K],
Ry = Global long wave radiation on clear day,
I = Global solar radiation and
+ = Global solar radiation on clear day.

The influence of cloud for R* is evaluated by the empirical
equation derived on the basis of the ratio of global short-
wave radiation observed to that theoretically calculated on
clear days.

Sensible and latent heat fluxes were calculated by the
following bulk aerodynamic formulas presented by Kondo
(1975) that are applied to the wide water surface in neutral
equilibrium air conditions. The bulk heat transfer coefficient
for the wide water surface is here adopted because of the
large fetch of the lake (= 3 km).

H=cp0.Coll(Te— Ts), (10)

E:[paCEU(Qa""q.s), 7 (11)

where ¢, = Specific heat at constant volume [=1006 J kg™*
K],
pa = Air density [=0.7542 kg m™® at 4000 m a. s. 1.],
Cyx = Bulk sensible heat transfer coefficient [=1.80x
107%],
Cz = Bulk latent heat transfer coefficient [=1.84%
10-%],
{7 = Wind velocity at 2 m height (m s™),

{ = Latent heat for evaporation from water surface
[=245x10° J kg™,

ge = Specific humidity of air over the lake (kg kg)
and

gs = Specific humidity at the lake surface (kg kg™).

where g is for convenience assumed to be the saturated
specific humidity at lake surface temperature 7 observed at
site LS(Fig. 2).

Heat input with precipitation during the open-water
period, P, is expressed as follows assuming that the tempera-
ture of the rain water is equal to the air temperature,

P=Sco( Ta— T}, a2)

where » = amount of precipitation (mm).

P was relatively small {average 0.4 Wm™? during open water
period), since the precipitation amount was only 366 mm and
air temperature was low (about 3.3°C) during the open water
period. Thus, the heat input with precipitation can be neg-
lected in this heat balance calculation.

The calculated seasonal variations of I, R, H and E
during the open water period are all shown in Fig. 6(a). It is
clear that the heat balance at the lake surface is mainly
controlled by shortwave radiation in spite of many rainy
days during the monsecon season from mid-June to the end of
September. Variations of latent and sensible heat fluxes are
controlled by the difference of T, and T, since wind speed
was almost constant (Fig. 3a) and not so strong (Table 1) all
through the year. Therefore, those heat flux were nearly
equal to zero from June to the end of August, and then
became negative because of 7,= T in the former period and
T.< T in the latter period (Fig. 3c). The longwave radiation
was negative throughout the observed period.

The seasonal variation of @, calculated by Equation (4)
is shown in Fig. 6(b) with that of Q, which will be discussed
later. The amount of s is of roughly the same order as @,
in the monsoon season. The large variation of @ comes from
the large variation of solar radiation. The positive value of
Qs is continuous in the monsoon season from mid-June, the
beginning of the observation period, to early October. There-
after @, decreases quickly, corresponding to the decreasing
temperature and solar radiation as seen in Fig. 3(a) and (b).

-Ice-covered period-

Incoming heat to the lake water, @, during the ice
covered period can be negligible (Patterson and Hamblin,
1988) because the lake water is insulated by ice and snow -
layers. Therefore s is assumed to be zero during the ice
covered period. It was assumed that all incoming heat to the
ice surface was used to melt ice during the ice melting
season, because the lake surface was covered with snow just
before open water on 22 April (according to personal commu-
nication with Kadota, T.), and the solar radiation could not
penetrate the lake water.

5.2.3. Heat input by meltwater inflow, Q;

The water temperature of inflowing meltwater, T3, is
probably 0°C, since it is supplied from a subaqueous tunnel
mouth through en-glacial tunnels (Yamada, 1995). Hence @:
=cpg{ T:— Tw)==0, where ¢ is specific heat of water (=4.2 X
10° J K-t kg™1), p is water density (=1000 kgm™3), and ¢; is
meltwater inflow {m® s7').
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Fig. 6. Temporal variations in (a) calculated sensible heat, H ; latent heat, E; net shortwave
radiation, 7; and net longwave radiation, R; and (b) calculated heat input to the lake
surface, Qs; and released heat with discharge, Q.

5.2.4. Heat released from outflow, Q.
Heat released from the outflow through the outlet (Q,)
is simply calculated by the following equation:

Qo=31co(Tu— Tu)D, (13)

where D = Discharge amount {m® sec™) of outflow and
T, = Water temperature of outflow (K).

Fig. 6(b) shows the fluctuation of the heat, §,. The heat
loss by discharge of the surface water increased rapidly in
June with increasing discharge at the outlet and then reached
its peak at the beginning of July. Thereafter it decreased
gradually until November. ), in the ice-covered season was
almost zero because discharge (average: 0.2 m3sec™!) and
water temperature {average: 2.1°C) were comparatively low
during the ice-covered period.

5.2.5. Heat loss by ice melt, Qn

According to our observation, a cliff-shaped glacier
terminus retreats by calving, and the glacier ice frequently
falls into the lake only in summer. Calving produces many
small icebergs in front of the glacier terminus. The icebergs
floating on the lake are mostly melted by lake water. As
illustrated in Fig. 4, the lake is expanded by the melting of
the glacier terminus and the dead ice beneath the lake
bottom. @, should thus be consumed by the two ways of ice
melting. Sakai ef al. (2000) evaluated the heat loss by the ice
melt, @, as a residual value from Eq. (1). During the ice
-covered period, the heat loss at the lake bottom corresponds
to the change in storage heat of about 12 Wm™? by assuming
that the heat input to the lake surface, €, and released heat
with outflow, @,, are both zero. The bottom ice of the lake
was constantly melted by heat conduction in the debris

~sediment-water medium below the bottom. The melt rate of
the bottom ice was thus considered to be constant, assuming
no bottom sedimentation, because the water temperature at
the lake bottom was almost constant throughout the vear.
Therefore, total heat loss for ice melt during the summer
was induced to be 25 Wm™* by adding the heat for calving ice
melt (13Wm~?) that was observed. Consequently, @, was 12
Wm™2 during the ice-covered period and 25 Wm™* during the
open water period including the heat for calving ice melt.

5.3. Thermal regime of the lake

Monthly averages of the heat balance elements in a year
are shown in Fig. 7. The meteorological and hydrological
data of January to May 1995 and June to December 1994 are
used. It was assumed that the incoming heat to the lake
water was zero during the ice covered period from 10
November to 30 April. The change in heat storage is esti-
mated as residual by Eq. (1) from monthly data because there
are no monthly data on water temperature distribution.

In the beginning of May just after the disappearance of
lake ice, the lake may start to absorb heat. The heat source
warming the lake water up is mainly solar radiation. The
other heat balance terms at the lake surface may be negligi-
bly small because they are probably comparable to those in
the summer season as shown in Fig. 6(a). Heat storage in the
lake thus increases at a high rate only from May to early
June. This thermal condition ceases when glacier-ice melt-
ing begins in the drainage basin. When the active glacier
melting season occurs after mid-June, a large water mass
with the temperature at the melting point (0°C) comes into
the lake. Meanwhile, a large warmed water mass drains out
through the outlet and releases heat from the lake. Both
these thermal conditions cool the lake water, and heat stor-
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Fig. 7. Seasonal fluctuation of heat balance at the glacial lake. Monthly average heat
elements estimated from the data of June 1994 to May 1995 are plotted. (@ heat input to
the lake surface; Q,: released heat with discharge; Q.: latent heat for calving ice melt and
ice melt at the bottom of the lake; and AS: change of heat storage in the lake). Heat inflow
with meltwater, @; is assumed to be zero all through the year because the water tempera-
ture of the meltwater inflow from the glacier must be 0°C and here, the melting point of
ice (0°C) is taken as the reference for heat content. AS is calculated as a residual value

from Eaq.(1).

age in the lake decreases. This situation starts in mid-June
and continues to the end of October.

The lake starts to release heat from the surface at the
end of October, but the heat releasing period continues only
about 20 days. The heat storage in the lake is isolated by the
ice and snow layer during the ice-covered period and the
lake water maintains a temperature higher than the melting
point of ice and the ice melting continues at the bottom of the
lake.

In order to examine the property of the above seasonal
fluctuation of each heat elements, the changes in heat stor-
age calculated as the residual values shown in Fig. 7 are
compared with those of the observed values. Cross marks in
Fig. 5 show the heat storage value of 6.5x10* J on 30 April
estimated by assuming that the decreasing rate of heat
storage during the ice-covered period is constant until the
ice melt-out on 30 April 1994. And the heat storage on 30
April 1995 is assumed to be equal to that on 30 April 1994.

Fig. 8 shows the seasonal fluctuations of heat storage
change which are calculated from heat storage shown in Fig.
5 and the estimated value by the residual value in Fig. 7. The
change in heat storage calculated by the observed water
temperature is larger than that of the residual value from
May to November especially in May.

There are several reasons for the above difference of the
change in heat storage estimated by residual value and
observed shown in Fig. 8. One is that the surface temperature
is assumed to be always 0.5°C higher than that at the outlet.
The water temperature at the outlet in May 1995 was 4.5C.
According to the above assumption, surface temperature
should be 5, which is much higher than the melting point of
ice. The surface water temperature at the beginning of May,
when covered-ice just melt out, should be nearly 0C and the
heat input to the water surface should be larger than the
residual value. Another reason is that there are large errors
in the heat elements, @, and Q,. Errors of the heat elements
Qs and @, are + 15 Wm™2 (159%) and + 10 W m™2 (10%),
respectively. Moreover, albedo and surface temperature for
which data were obtained at one point (LA and LS in Fig. 2)
should be inhomogeneous over the entire lake surface. These
differences should induce the heat input to lake surface, Qs,
to additional errors.

Moreover, the glacial lake is surrounded by high
Himalayan mountains, so longwave radiation reflecting
from the exposed rockface of the mountains could lead to an
underestimation of the result, R, calculated by empirical
(Eqgs. (7) and (8)). This would make the actual value of Qs (Eq.
(4)) to be higher than estimated.
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Fig. 8. Changes of heat storage calculated from heat storage in
Fig. 5 (thick line} and calculated as residual value from Eq.
{1) shown in Fig. 7(thin line) from June 1994 to May 1995.
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The horizontal difference in water temperature in the
longitudinal direction of the lake is at most 0.6°C. Therefore,
the heat storage error of the lake is +2x10"], which corre-
sponds to 229 of the average heat storage (9x10**]). There-
fore, the heat storage from the observed water temperature
at LV (Fig. 2) calculated by assuming the vertical water
temperature at a certain depth is the same over the entire
lake is in error.

6. Concluding remarks

The heat balance all through one year in the Tsho Rolpa
Glacial Lake was estimated with the hydrological and
meteorological data. The thermal regime of the lake is
characterized by heat absorption during the short period
from late April to mid-June, ie, from the end of the ice
~covered period to the beginning of the glacier-melt season.
During the glacier melt season from July to October, the heat
storage in the lake has a decreasing tendency because the
abundant glacier meltwater is supplied into the glacial lake,
and the warmed water overflowed from the outlet. During
the ice—covered period from November to April, the bottom
ice continued to melt under lake water (about 3°C), which is
insulated by ice from cold air (about -107C).

In future the relation between the glacial lake expansion
and the change in the thermal regime of the lake should be
analyzed to clarify the process of glacial lake expansion.
Furthermore, it is necessary to study the processes of bottom
melting and glacier terminal calving (i.e., the interaction
between lake-water and glacier ice). Specifically, the investi-
gation of the glacier terminus and lake-bottom condition,
such as the sedimentation process, is necessary.
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