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Deep-water renewal in Lake Issyk-Kul driven by differential cooling
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Abstract

During two field campaigns on Lake Issyk-Kul in March and August 2001, 179 high-resolution conductivity-
temperature-depth profiles were measured, along with profiles of dissolved oxygen and light transmission. On the
basis of this extensive data set, we investigated the large-scale vertical advective processes responsible for deep-
water renewal in Lake Issyk-Kul. At some locations sampled in March, variable peak structures in the tracer profiles
were observed that indicate horizontally localized intrusions. These intrusions have their origin in density plumes
that propagate along the bottom of the channels in the eastern shelf region. The cold dense water at the bottom of
the channels is most likely generated by differential cooling of the water in the shallow shelf regions during winter.
During summer, vertical advective processes appear to be limited to the upper 200 m, where upwelling in the open
water leads to a doming structure. The August data support the results of earlier investigations that suggested that
dynamic forcing by a basinwide gyre is responsible for the upwelling in the open water.

Lake Issyk-Kul, which is located at an altitude of 1,606
m in the Tien Chan mountains of northeast Kyrgyzstan, is
one of the largest (1740 km?) and deepest (668 m) lakes in
the world. It is a closed basin lake and is dightly saline,
with 6 g kgt of dissolved ionic substances (Tsigelnaya
1995). Despite its depth, the lake has large, shallow shelf
regions, predominantly in the east and west (Fig. 1a). Twen-
ty-seven percent of the lake (by ared) is shallower than 50
m. During previous periods of low lake level, the area of the
lake was therefore considerably less than it is now. Theriver
valleys that were cut into the land surrounding the lake at
this time were later submerged as the lake level rose and are
now easily recognizable on the bathymetric map of Lake
Issyk-Kul (Fig. 1a) as channels cut into what are now the
shallow regions of the lake (Tsigelnaya 1995).

More than 50% of the water volume of the lake is located
below 200 m depth. Hence, the exchange between surface
and deep water is an important factor in determining the
distribution of dissolved substances in the lake and must be
taken into account in assessing the ecologica impact of pol-
lutants and nutrients possibly introduced by spills (associ-
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ated, e.g., with the mining activities in the lake's catchment)
or by the continuous release of nutrients from sewage plants.

On the basis of *H concentrations measured in samples
collected in 1976 (Romanov et a. 1989) and on dissolved
oxygen and conductivity-temperature-depth (CTD) data,
Kipfer and Peeters (2002) suggested that deep-water renewal
in Lake Issyk-Kul is rapid and that the residence time of the
deep water of the lake can be expected to be <13 yr. Using
new data on the transient tracers *H, *He, sulfur hexafluoride
(SFy), and chlorofluorocarbons (e.g., CFC-12), deep-water
residence times were estimated to be <10 yr (Hofer et al.
2002; Vollmer et al. 2002a). However, the transient tracer
data do not allow the identification of the processes respon-
sible for deep-water renewal. An understanding of these pro-
cesses is a prerequisite for predicting the influence of envi-
ronmental and climatic change on the mixing processes
themselves and, hence, on the distribution of dissolved sub-
stances in the lake.

Dissolved substances can be transported from the surface
to the deep water by vertical turbulent diffusion and by ad-
vective processes. Vertical turbulent diffusion always causes
heat to flow from high to low temperatures and hence leads
to a gradual, continuous warming of cold, deep-water re-
gions. In Lake Issyk-Kul, deep-water temperatures typically
decrease with increasing depth during all seasons, reaching
minimum values at greatest depth, which indicates that ad-
vective processes transporting cold surface water to the
deep-water region must be sufficiently important to compen-
sate for the heat flux due to turbulent diffusion (Kipfer and
Peeters 2002).

In the world's largest and deepest water bodies, several
processes have been identified that lead to advective deep-
water renewal: river inflow, for example, in Lake Baikal
(Hohmann et a. 1997) and possibly in Lake Tanganyika
(Kipfer et a. 2000); interbasin exchange, for example, in
Lake Baikal (Peeters et al. 1996; Hohmann et al. 1997) and
the Caspian Sea (Peeters et al. 2000); thermal-bar mixing,
for example, in the Laurentian Great Lakes (Rodgers 1965),
Lake Baikal (Shimaraev et al. 1993; Peeters et al. 1996;
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Fig. 1.

Map of stations at which high-resolution CTD data were collected during the 2001 | ssyk-

Kul field campaigns (UTM coordinates). (a) Locations of CTD stations sampled in March and
August 2001. “CS” indicates the central stations of the March expedition (Sta. 3) and the August
expedition (Sta. 203). More detailed information on the stations occupied in March is provided for
the central and eastern regions in panels b and c, respectively. (b) Station numbers are provided for
stations with intrusions and for Sta. 82. (¢) Numbered stations with gray and solid circles were
located at channels in the shelf region, whereas numbered stations with open circles were located
on the shelf shoulders (see Fig. 9). Solid circles connected by a solid line in panels b and ¢ mark
the stations of the Karakol transect (Fig. 7) from the central basin toward the mouth of the Karakol

River.

Hohmann 1997; Hohmann et al. 1997), and Lake Ladoga
(Mam et a. 1994); and transport due to thermobaric insta-
bilities, for example, in Lake Baikal (Weiss et al. 1991,
Walker and Watts 1995) and possibly in Crater Lake
(McManus et al. 1992; Crawford and Collier 1997). All of
these processes have been shown to contribute to deep-water
renewal, although advective transport to the lake bottom
could not be demonstrated in all cases.

In Lake Issyk-Kul, however, none of these processes is
likely to be responsible for significant deep-water renewal.
Because the salinity of Lake Issyk-Kul water is ~6 g kg2,
the density of inflowing fresh river water is unlikely to be
sufficient to drive density plumes to great depths. Interbasin
exchange is not applicable (because Lake Issyk-Kul has only
one basin). Thermal-bar mixing requires a horizontal inter-
face where water temperature changes from above to below
the temperature of maximum density (T,,), thus leading to
cabbeling and the downward movement of water with tem-
perature T, However, in Lake Issyk-Kul, temperatures in
the open-water region and at great depths always signifi-

cantly exceed T,,,, which is ~2.6°C at the lake surface (Kip-
fer and Peeters 2002) and decreases with increasing depth.
Deep-water renewal by thermobaric instabilities requires that
deep-water temperatures be <T,, at shallower depths, which
is also not the case in Lake Issyk-Kul.

In the present study, we show the results from a large data
set of high-resolution CTD profiles collected in Lake Issyk-
Kul with the aim of identifying the main processes respon-
sible for deep-water ventilation. Results indicate the impor-
tance of differential cooling in this regard—a process
whereby heat loss from the lake surface leads to horizontal
temperature differences between deep-water areas of the lake
and shallower shelf regions, resulting in the generation of
density plumes that propagate along submerged river chan-
nels.

Field data and calibration

During two expeditions to Lake Issyk-Kul, one conducted
in March 2001 and the other in August 2001, 179 CTD
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Table 1. Empirical coefficients of Eq. 1 for Issyk-Kul water (Finger 2002). Application of the coefficients in Eq. 1 assumes that T is
given in °C, p in dbar, and C in mS cm-*. Resulting values of Sarein g kg

= —3.3688 X 10t b, = 4.5867 X 10! ¢, = 6.766097 X 101 d, = —3516 x 10! e = 1777 X 10°5
a, = 1.2445 b, = —3.8378 ¢, = 2.005640 X 10-2 d, = —4.693 x 102 e, = —1.967 X 101
a, = 2.7876 X 10t b, = 9.3237 c, = 1.104355 x 10 d, = 6.188 X 10 e,=0
a, = 2.1282 X 10t b, = —3.8821 ¢, = —6.311915 x 107 d, = 2.889
a, = —1.6378 b, = —5.1411 ¢, = 1.003100 X 109
a, = 6.0350 b, = —4.1955 k = 5.7524 x 103

profiles were collected at humerous stations (Fig. 1) using
an SBE-9 probe (Seabird Electronics). This probe provides
a resolution of 0.0003°C for temperature T, 0.01 uS cm*
for conductivity C, 0.025 dbar for pressure p, and 0.01 mg
L-* for dissolved oxygen O,. According to Seabird Elec-
tronics, the drift of the conductivity sensor is significantly
<0.0003 S m~* month—*. The CTD probe was additionally
equipped with a transmissometer (Chelsea Instruments) that
provided a resolution of 0.1% for light transmission LT at a
path length of 25 cm. The probe measures at a sampling
frequency of 24 Hz. In most cases, these measurements were
averaged to obtain a sampling frequency of 6 Hz, which was
sufficient to provide more than five data points per meter of
depth.

Salinity Swas calculated from C, T, and p using the func-
tional form of the UNESCO equations commonly used in
oceanography to calculate S from the measurement of the
conductivity ratio R (Fofonoff and Millard 1983):

S=a,+ aR¥2 + a,R + a,R¥? + a,R? + a;R¥2 + AS (1a)

R
R = m (1b)
p(e, + ep + &p?)

R =1+ 1
P 1+ dT+dT+ @+ dTR (10)
ry==c +¢T+cT?+ ¢T3+ T (1d)

_ (T B 15) 1/2 3/2
AS= 1+ KT — 15 k(T — 15)(b0 + b,RY2 + b,R, + b;R?
+ b,R? + b,R>?) (1e)
with
r-C6ET.p (1)
Cref

where R is the ratio of the measured conductivity to a ref-
erence conductivity C = 42.9140 mS cm%, which is the
conductivity of 32.4356 g KCI at 15°C and 1 atm (Culkin
and Smith 1980). Equation 1f presupposes that the probe's
sensor provides the correct absolute conductivity.

The application of Eq. 1 assumes that conductivity varies
only because of changes in total ion concentration, T, and p
and that the relative ionic composition is the same every-
where in the lake. Because the ionic composition of Lake
Issyk-Kul water differs from that of seawater, the empirical
values of the coefficients of Eq. 1 were modified on the basis
of several calibration experiments (Finger 2002, described
below). The coefficients determined and used for calibration
are given in Table 1.

Calibration experiments were performed to determine the
dependence of C on the total ion concentration, on T, and
on p (Finger 2002). Measuring always the same water by
short-circuiting the pumping system of the SBE-9, the de-
pendence of C on T at a given S was determined in the
laboratory by varying T while keeping p fixed. The labora-
tory experiments were performed using water from Lake Is-
syk-Kul diluted with different amounts of deionized water
to 100%, 95%, 90%, and 85% |ssyk-Kul water. The absolute
salinity of Issyk-Kul water was assumed to be 6 g kg
Hence, in each of the laboratory calibration runs, S was
known and C, T, and p were measured. On the basis of these
calibration data, the coefficients a, b, ¢;,, and k of Eq. 1 were
adjusted to minimize the least-squares deviation between the
salinity obtained using Eq. 1 and the true salinity of the
water used in the calibration runs.

The pressure dependence of C was determined by short-
circuiting the pumping system of the SBE-9 in the field.
Pressure was varied by rapidly raising the probe from the
lowest depths of the lake (~600 dbar). Two such calibration
experiments were performed in March and two in August.
Only the pressure range between 200 and 600 dbar was con-
sidered for the calibration of the coefficients d, and e, to
avoid any influence of temperature variations of the water
enclosed in the pumping system caused by heat diffusion in
the warm upper water layers. Because the absolute salinities
are not known in these experiments, the parameters d, and
e were adjusted to minimize the mean squared deviation
between the salinity calculated using Eq. 1 and the mean of
the calculated salinities in the corresponding experiment.
This procedure makes use of the fact that the salinity is
constant in each of the four pressure calibration experiments.

Recently, Vollmer et a. (2002b) adopted the calibration
procedure and methods of Finger (2002), providing an ad-
ditional set of coefficients for the dependence of conductivity
on temperature. We used the original coefficients determined
by Finger (2002) because they were obtained with the same
CTD probe used in our field experiments.

All salinities calculated for the March expedition were
lower than those calculated for the August expedition. Be-
cause water levels rose between March and August 2001 by
~15 cm (Institute of Water Problems and Water Power of
Kyrgyszstan pers. comm.), which is typical for Lake Issyk-
Kul during this time period (Tsigelnaya 1995), the difference
in salinities is most likely the result of a shift in the absolute
sensitivity of the conductivity sensor. To avoid misinterpre-
tation due to unreasonable differences in the absolute salin-
ities, the August salinities S, were scaled to S, = 0.9987 S
such that the mean salinity in the median salinity profiles of
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Fig. 2. Profiles of potential temperature (6), salinity (S), dissolved oxygen (O,), and light transmission (LT) in the deepest region of
Lake Issyk-Kul measured on 5 March 2001 at 0810 h (solid lines, Sta. 3a) and 1945 h (dashed lines, Sta. 3d). The horizontal gray bars

indicate the depths of specific features discussed in the text.

the March expedition agreed with that of the median salinity
profile of the August expedition. The median of the salinity
profiles from each expedition was determined by calculating
the mean salinity between 300 and 500 m and then ranking
the resulting salinities for each expedition. This procedure
implicitly assumes that salinities between 300 and 500 m
depth did not change significantly from March to August
2001. Further details on the salinity calibration experiments
are given by Finger (2002).

Note that, in the present study, salinity, dissolved oxygen,
and light transmission were primarily used as tracers to iden-
tify intrusions, and, therefore, absolute quantitative calibra-
tions of these variables were not required. Although the ab-
solute value of salinity is known only to within ~5%, the
relative variation of S within a profile can be determined
from Eq. 1 with an error <0.001 g kg=* K—* at fixed pressure
and <0.0003 g kg=* per 100 m depth at fixed temperature
between 4°C and 6°C (Finger 2002). Dissolved oxygen and
light transmission were not calibrated to represent absolute
values of dissolved oxygen and the amount of suspended
particles, respectively. However, the oxygen sensor was new
and had been calibrated immediately prior to the March ex-
pedition. The values for O, provided by the oxygen sensor
agreed well with O, values obtained from Winkler titration
performed on water samples collected at corresponding
depths. Unfortunately, the oxygen sensor froze during the
last third of the March expedition, for which no O, data are
therefore available. During the August campaign, the data
from the oxygen sensor were shifted slightly with respect to
the few Winkler data available. We therefore use the O, data
from August only in a relative sense to identify peak struc-
tures. The transmissometer data were interpreted in a sim-
plified manner: a decrease in light transmission was inter-
preted merely to indicate an increase in the concentration of
suspended particles.

The density function for Lake Issyk-Kul water
pPis(T, S, p) was obtained according to the procedure out-
lined by Peeters et al. (2000) by modifying the equation
of state for seawater p., (UNESCO et al. 1981) to account
for the ionic composition of Lake Issyk-Kul water as fol-
lows:

plsyk(T! S’ p) = psea(T! 0! p)

t fpealT. S P) — p=(T, 0, D] (2)

where p(T, S p) is the density function of seawater. The
scaling factor f = 1.0764 was determined using the ionic
composition of Issyk-Kul water given by Tsigelnaya (1995).
Using this equation of state and assuming S = 6 g kg4, the
temperature of maximum density T, at the surface of Lake
Issyk-Kul is T,y = 2.6°C (Hofer et al. 2002; Kipfer and
Peeters 2002).

Results and discussion

Spring mixing processes—Vertical distribution of 6, S, O,,
and LT: In Fig. 2, profiles of potential temperature 0, S, O,,
and LT measured on 5 March 2001 at 0810 h at the deepest
station (Sta. 3a, solid lines) are compared with profiles mea-
sured at the same location on the same day at 1945 h (Sta.
3d, dotted lines). In Lake Issyk-Kul, the potential tempera-
ture 0 varies only dlightly from the measured in situ tem-
perature T, and even at the greatest depth the difference is
only ~0.02°C. Thus, although for the sake of theoretical
correctness the potential temperature 6 is used in the present
study, the error involved in using the measured in situ tem-
perature T in Issyk-Kul would in fact be slight. The potential
temperature generally decreases with increasing depth. This
is typical for all 6 profiles from the March expedition, al-
though dlight deviations from this decreasing trend can be
observed in the profile from Sta. 3a, especialy in the upper
200 m but also in deeper regions just below 500 m depth
(Fig. 2). In the deep water of the lake (>600 m depth), 6
ranged between 4.33°C and 4.40°C, which are the highest
values ever observed in the deep water of Lake Issyk-Kul.
0 near the surface ranged between 4°C and 6°C in almost all
profiles from the March expedition. The difference between
the two 6 profiles in Fig. 2 indicates that, at a given station,
0 can vary significantly within ~12 h.

In March, Stypically varied by <0.1% within a profile.
At intermediate depths between 200 and 500 m, S appeared
to be higher than near the surface and in the deep water. In
the profile from Sta. 3a at ~200 m depth, S could be seen



to change by >0.001 g kg=* (from the value prevailing in
the region above 200 m to that prevailing at intermediate
depth) within only a few meters (Fig. 2b).

Dissolved oxygen concentrations generally decrease with
increasing depth. Near the surface, O, is close to atmospheric
saturation (9.9 mgLta T=5C,S=6gkg?* andp =
0.813 atm) but even at the greatest depths, oxygen concen-
trations are still ~75% of the saturation concentration at am-
bient temperature and surface pressure. These absolute val-
ues were confirmed by Winkler titration. They agree very
well with the chemically determined concentrations mea-
sured by Vollmer et al. (2002a) in water samples collected
in September 2000. The O, profiles have features that are
especialy distinct in the profile from Sta. 3aat ~200, ~450,
and ~550 m depth (Fig. 2c, horizontal gray bars). The pro-
file measured at the same location <12 h later does not show
the same features.

Light transmission generally increases with depth down
to 500 m and then decreases dightly down to maximum
depth (Fig. 2d). However, very distinct regions in which LT
decreases strongly make it difficult to determine a definite
trend of LT with depth. The specific regions of strong de-
crease in LT in the profile from Sta. 3a coincide with those
in which O, increases. Interpreting the features in the tracer
distributions between 150 and 200 m as peaks, the decrease
in LT at ~180 m coincides with an increase in O,, and de-
creases in p and S (Fig. 2, upper horizontal gray bar).

The different peaks in the tracer profiles cannot be ex-
plained if deep-water renewal in Lake Issyk-Kul is thought
of as alocal vertical diffusive process, because such a pro-
cess would smooth out concentration gradients rather than
generating peak structures. At Sta. 3a, the peaks in the pro-
files of the different tracers are at the same depths (Fig. 2,
horizontal gray bars). Hence, the specific features at ~180,
~450, and ~550 m depth indicate intrusions of water mas-
ses having characteristic properties different from those of
the typical background profile in the deep-water region.

Origin of the intrusions: ldentification of the origin of
these intrusions became one of the main objectives of the
field campaign in March. The increased oxygen levels of the
intruding water suggest that the intrusions originate from the
upper regions of the water column—that is, from above
~200 m depth. This would also be consistent with the light
transmission and salinity data. Because biodegradation leads
to oxygen depletion, the intrusions are most likely recent
features. This hypothesis is supported by the sharp gradients
in the tracer concentrations at the upper and lower bounds
of the intrusions, which would have been smoothed out by
vertical turbulent diffusion if the intrusions had been older
than a few months. Data on the transient tracers °H, 3He,
and SF; measured at Sta. 3 in 2001 (Hofer et al. 2002) sug-
gest a decrease in apparent water age at ~500 m depth. This
observation is consistent with the interpretation that the in-
trusions are recent features containing water from upper re-
gions of the water column.

Measurements made at Sta. 3 on 5 March 2001 show that
specific features present in the profiles of 6, S O,, and LT
at any one point in the lake can change dramatically within
aslittleas 1 d (Fig. 3a—d). The vertical extent of the features
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in the profiles is much too large and the changes in the
profiles much too rapid for vertical mixing to have been
responsible for the changes observed. The transient character
of the intrusions suggests, rather, that the signals in the tracer
concentrations are horizontally localized features that are be-
ing transported past the sampling site by large-scale hori-
zontal advection. Drift-buoy measurements conducted dur-
ing the March expedition indicated the presence of currents
with horizontal velocities on the order of 0.5 m s* down to
at least 350 m depth (V. Podsetchine pers. comm.). Tracer
profiles measured at essentially the same location 9 d later
are shown in Fig. 3e (Sta. 82). No peaks are visible any
more, but, in the deep water, 6 shifted to lower and S to
higher values. However, the intrusions observed at Sta. 3
were not the result of a unique event, because intrusions
could be observed in several regions of the lake. Peak struc-
tures in the deep water similar to those at the central Sta. 3
were observed during the March expedition in the eastern
part of the deep basin at Sta. 8 (Kipfer and Peeters 2002),
10, and 13 and in the southern part of the deep basin at Sta.
34, 42, 58, and 61 (see Fig. 1b for station locations).

As indicated above, the existence of the intrusions sug-
gests that water sinks from above 200 m down to the deep
hypolimnion. However, because the intrusions in the deep
hypolimnion have about the same potential temperature as
the ambient water and 0 in the open water decreases with
increasing depth, it follows that, at its initial depth above
200 m, the water responsible for generating the intrusions
must have been colder than the open water at the center of
the lake.

Almost everywhere in the water column, the quasi density
Pae(T. S P(2)) increases with depth z (Fig. 4a). The change
in py. With z is proportional to the squared Brunt-Véaisala
frequency N? (Peeters et al. 1996):

dpqua _ pl§yk 2

e g X N2(2) 3
where the vertical coordinate z is positive downward, and g
is the acceleration of gravity. p,, is more suitable than N2
for investigating the local stability of the water column be-
cause it does not require the choice of a particular depth
interval for differentiation. At locations where p,,, increases
with depth, the water column is stably stratified. Thisis the
case at almost all depths in the profile shown in Fig. 4a.
Only in very few sections of the profile does p,,, decrease
with increasing depth, which thus suggests that the water
column is unstable at these depths (e.g., between 515 and
530 m; Fig. 4b).

Note, however, that the calculation of p,,, does not include
the effect of suspended particles on density. Within the in-
trusions (e.g., between 510 and 580 m), LT is typically re-
duced, which indicates an increased amount of suspended
particles that would increase water density. Because the den-
sity differences are very dight, the water column at the depth
of the intrusions might well be stabilized by the gradientsin
suspended solids, although p,,, indicates marginally unstable
conditions.

In the depth range between 450 and 550 m covered by
Fig. 4b, salinity was, on average, 6.003 g kg—*. The change
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Fig. 3. Profilesillustrating the transient character of the intrusions observed in the deepest region
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(b), 1725 h (c), 1945 h (d), and 9 d later on 14 March at 1900 h (€). See Fig. 1b for the locations
of Sta. 3a—d and 82.
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Fig. 4. Density stratification at Sta. 3a. (a) In most parts of the profile, p,, increases with
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on the density stratification.
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Fig. 5. Horizontal distribution of potential temperature 6 (a and c) and salinity S (b and d) in
March 2001 at 5 m (a and b) and 500 m (c and d) depths. The symbols (+) indicate the locations

of the sampling points.

with depth of quua(T1 S p) = pqua[Ta S p(z)] -
P T:' S p(z = 500 m)] and of Ap, (T, S= 6.003gkg?, p)
is essentially the same (Fig. 4b). This demonstrates that the
decrease in p,, in the peak at ~530 m depth is predomi-
nantly determined by temperature effects. The influence of
salinity on the stability is negligible, because salinity vari-
ations are small and the temperature at all depths is signif-
icantly greater than T,,. Hence, the processes causing oxy-
gen-rich water to advect as density plumes from shallower
regions down to the greatest depths of the lake must be driv-
en by horizontal temperature differences at shallower depths.
Salinity differences most likely do not play a significant role
in driving the deep-water mixing process, in particular be-
cause salinity within the intrusions can be lower than that
of the ambient water. However, the salinity levels within the
intrusions can serve as a tracer to identify the origin of the
intruding water.

The horizontal distribution of near-surface temperatures
indicates that the central region of the lake is generaly
warmer than the shallow eastern region (Fig. 5a). Near the
surface, the salinity decreases significantly from the central
part of the lake toward the east (Fig. 5b). The lake's two
main inflows introduce fresh water into the eastern region
of the lake, where it mixes with the lake water. At 500 m
depth, 0 varies by ~0.1°C (Fig. 5c) without a clear spatial
pattern, whereas S undergoes a marked decrease along the
central line of the lake from Sta. 3 eastward (Fig. 5d). Al-
though the isoplots at 500 m are based on a rather limited
data set, the distribution of S suggests that water with com-
paratively low salinity is intruding from the eastern region
of the lake.

During the March expedition, the coldest water was found
in the shallow northeastern region of the lake (Fig. 5a). With
one exception (Sta. 107), this was at the bottom of the
above-mentioned submerged channels (Sta. 97, 98, 100, 102,

103, 107, and 108; Fig. 6a; see Fig. 1c for station locations).
The density differences between water parcels moved isen-
tropically to the same depth can be estimated in Lake Issyk-
Kul by using the concept of potential density. Potential den-
Sity p,y IS defined as the density that the water parcel at a
given depth z would have if transported isentropically to a
reference level 7' (e.g., the lake surface):

Pua(z.Z = 0) = p,{0(z. 27 = 0), S(2, p =0 (4

where p,, is given by Eq. 2. The potential density of the
water at the bottom of many of the channels in the eastern
basin exceeds that of the deep water at ~600 m depth (Fig.
6b), which suggests that deep-water renewa is probably
driven by density differences along these channels. Profiles
of 0, S LT, and p,, a stations along the Karakol transect
(Fig. 7; see Fig. 1 for station locations) support this hy-
pothesis. The sampling stations included in the transect are
along a deep canyon beginning at the mouth of the Karakol
River and extending toward the deep central part of Lake
Issyk-Kul (Fig. 1b,c; solid circles connected by a solid line).
Compared with the open water at the same depth, the near-
bottom region in the channel is characterized by low 6, low
S high LT, and high p,,,.. The distribution of p,,, is essentially
determined by the 6 distribution as discussed above. The
high p,. near the bottom of the channel (Fig. 7d) indicates
a density plume that propagates from the very east to the
center of the lake along the bottom of the sunken riverbed.
Unfortunately, the oxygen sensor failed during the third part
of the expedition. However, the bottom water in other chan-
nels (e.g., at Sta. 98 and 103; see Fig. 1c) was saturated with
oxygen, which suggests that O, concentrations in the density
plume indicated in Fig. 7 are the same as in the surface
water.

The density plume indicated in Fig. 7 cannot be the result
of pure river infiltration. This becomes clear from a simple
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mixing calculation. The salinity in the density plume S, >
6.000 and the background salinity in the open lake S <
6.006 g kg*. Assuming the salinity of the river water S; <
0.25 g kg (Tsigelnaya 1995), the fraction of river water in
the density plume x; = (S — S)/(S — ) can only be
~0.1%. Because the ratio of river water to lake water in the
plumes is very low, the river water has a negligible affect
on the temperature of the plumes. If the river contributes
only 0.1% to the mixture, then even if the river water were
close to 0°C it would be able to cool lake water with a
temperature of, say, 5°C by only 0.005°C. Hence the low
temperatures of the water at the bottom of the submerged
channels cannot be generated by river inflow alone but must
be predominantly the result of other processes yet to be iden-
tified.

Deep-water renewal by differential cooling: The mecha-
nism driving the formation of cold density plumes in the
channels is most likely differential cooling. During the win-
ter season, heat loss from the lake surface leads to cooling
of the surface waters. The associated increase in density
must result in vigorous convection, because surface temper-
atures are typicaly >2.6°C, the temperature of maximum
density. In the open water, the convective process leads to
entrainment of water from deeper regions with temperatures
always >4.3°C, resulting in a heat flux toward the surface
and thus in an increase in surface temperature. In the shallow
regions, the depth of convection is limited, and so is the
reservoir of warm water available for entrainment. As a con-
sequence, the water in the shallower regions becomes colder
than the open water at the same depth. The resulting hori-

zontal density gradients lead to an exchange between shal-
low and open water that reduces the temperature differences.
However, the dense cold water in the shallower regions col-
lects at the bottom of the channels. The walls of the channels
restrict horizontal mixing to the direction along the channels
and thus limit the entrainment of water from the shelf.
Hence, the water at the bottom of the channels retains its
characteristic properties, being less affected by horizontal
mixing than either the shelf water or the open water.

Figure 8 summarizes our conceptual model of deep-water
renewa in Lake Issyk-Kul. Differential cooling leads to the
formation of cold, dense water in the shallow regions of the
lake. This water collects at the bottom of the channelsin the
eastern shelf region and propagates along the channels to-
ward the deep open-water region, where it sinks to a depth
that corresponds to the density of the plume. The depth of
the intrusions varies because (1) the density of the intruding
water may vary with time and (2) the density profile of the
ambient water may also vary with time, because T and Sin
the open water are both heterogeneous and horizontal ad-
vection is substantial.

In the shallow western part of the lake, intrusions similar
to those in the eastern region were not observed. This, how-
ever, does not imply that deep-water formation by differen-
tial cooling is limited to the eastern region. On the one hand,
only few profiles have been measured in the shallow western
part. On the other hand, the channels provided by the sunken
river valleys in the eastern shelf region not only preserve
density gradients that enforce the propagation of density
plumes but also preserve signalsin S LT, and O, by which
the density plumes can be identified. In the western part of
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the lake, deep-water mixing by differential cooling may be
active in aless focused way, so that it was not visible in our
CTD profiles. In addition, in the western region values of S
and LT in the surface water are very similar to those in the
deep water. Hence, temperature-driven density plumes orig-
inating from the shallow western region should probably be
characterized by peaks in dissolved oxygen only and could
thus be distinguishable from density plumes originating in
the eastern region of the lake.

In the southern part of the lake, intrusions were observed
near channels leading into the deep water, and these may
also be explained by differential cooling. However, in the
southern region, the shoreline is steep and the shallow region
comparatively small. Hence, the available data set is not suf-
ficient to provide a clear identification of the origin of the
intrusions in the southern region.

Data from the August field campaign—In the previous
section on the March data, all tracers were interpreted to-
gether at specific locations in Lake Issyk-Kul. In the follow-
ing section on the August data, the results for the tracers 6,
S and O, are presented and discussed in order.

Distribution of 6: Profiles of 6 measured in August at
stations along a transect from the central station toward the
west are shown in Fig. 9a. Below 300 m, the 6 profile mea-
sured at the deepest station in August (Fig. 9a, thick dashed
line) was similar to that measured in March (Fig. 9a, thick
solid line). However, in August, a strong thermocline exists
above 50 m. In the open water far from the lake boundaries,
the thermocline extends up to the lake surface, whereas, at
stations closer to the shore, the thermocline is deeper and a
warm mixed surface layer up to 20 m thick exists (Fig. 9b).

The horizontal distribution of 6 aong south-north and
west-east transects (Fig. 10a,b) indicates that, in the top 200
m, the boundary regions are significantly warmer than the
central part of the lake. This confirms observations from
earlier investigations (Romanovski and Shabunin 1981,
2002; Kipfer and Peeters 2002). The structure of the 0 dis-
tribution has been explained by the effect of a basinwide
gyre driven by a cyclonic wind field that causes upwelling
in the center of the lake (Romanovski and Shabunin 1981,
2002). Such an upwelling would aso explain why the sur-
face mixed layer is thinner in the central part of the lake
than in the shallower boundary regions. Kipfer and Peeters
(2002) suggested that the horizontal temperature gradients
near the surface could be additionally intensified by differ-
ential warming. At 60 m depth, the coldest water can be
found in the center of the lake (Fig. 10c). Because this water
is aso the densest water (Fig. 10d), a large-scale dynamic
process would be required to drive upwelling.

Distribution of S and O,: Below 250 m, the relative
change of salinity with depth in August (Fig. 11b) was sim-
ilar to that in March (Fig. 2b). A transect along the center
line in the west-east direction shows alayer of comparatively
saline water between 10 and 40 m depth (Fig. 11a). Near
the surface, salinity was significantly reduced. The low sa-
linities near the lake surface are possibly due to the effect
of freshwater inflow from rivers, whereas evaporative pro-
cesses may be the reason for the increased salinities at in-
termediate depths. Because the surface layer of low salinity
extends over almost the entire transect, the larger salinities
at intermediate depths are likely to be remnants from a few
months before, when river inflow was significantly less, or
may originate from evaporation in nearshore regions, espe-
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location of the measurements in (c) and (d).

cialy in the west, from where the water could intrude as
density plumes at 30—40 m depth. However, these are spec-
ulations that must be confirmed by additional measurements.

According to Winkler measurements on samples collected
in the deep water, oxygen saturation levels in August are
essentially the same as those in March. However, peak struc-
tures in the deep water similar to those observed in some of
the O, profiles measured with the oxygen sensor during the
March expedition were not observed in any of the August
O, profiles. This suggests that intrusions do not occur during
the summer months and that turbulent diffusive mixing must
be sufficiently vigorous to erode the peak structures com-
pletely some time between March and August.

Mixing dynamics in August: In August, profiles from sta-
tions at the channels in the eastern shelf region showed no
indication of anomalies similar to those observed during the
March expedition. Signals in the different tracer profiles that
would indicate intrusions into the deep water were not ob-
served during the August expedition. The most prominent
large-scale feature indicating vertical mixing processes was
the doming structure in the distributions of potential tem-
perature (Fig. 10a,c) and salinity (Fig. 11a), which, however,
seemed to be limited to the top 200 m.

Speculations on deep-water renewal by advective pro-
cesses and the influence of environmental change—Transient
tracer data indicated that the water at 600 m depth has a
residence time <10 yr, which suggests rapid deep-water re-
newal (Hofer et al. 2002; Vollmer et al. 2002a). New SF;
data measured in samples collected at the deepest station

(Sta. 3) in August 2002 confirmed these earlier measure-
ments (Table 2). The difference between the volume-weight-
ed mean apparent Sk, age (Table 2) below and above 300
m depth suggests that the residence time below 300 mis ~4
yr. Using the *H-*He ages of Hofer et a. (2002) instead of
the SF, ages gives a residence time of ~5 yr. Under the
assumption that al water exchange occurs advectively, one
obtains upper limits for the mean upwelling velocity in the
open water at 300 m depth of ~65 m yr-* and ~50 m yr-1,
respectively. However, at present, it is not clear how much
of the annual tracer transport to the deep water is due to
advective processes and how much is due to vertical tur-
bulent diffusion. The present study demonstrates that, during
spring, convective mixing driven by differential cooling has
a significant effect on tracer distributions in the deep water
of Lake Issyk-Kul. However, quantification of the tracer
transport to the deep water by advection during the cold
seasons is difficult and would require additional data—not
only spatially but also from other time periods during the
cold seasons. In August 2001, advective processes appar-
ently did not contribute to deep-water mixing, so vertical
turbulent diffusion must be the dominant process for vertical
transport within the deep water. O, profiles from September
1996, however, had small but distinct peaks at ~400, ~470,
and ~520 m depth (Kipfer and Peeters 2002), which indi-
cates that the effects of processes influencing the tracer dis-
tribution at great depths are visible even during the summer
months. It is, however, not clear whether the peaksin the O,
profiles from 1996 indicate intrusions, because 6 and S
showed no specific features at corresponding depths. The
features in the O, profile are most likely remnants of spring
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mixing and not the result of processes active during the sum-
mer.

The deep-water temperatures above 4.33°C measured in
2001 are the highest deep-water temperatures ever observed
in Lake Issyk-Kul. Between 1981 and 1988, the deep-water
temperatures ranged between 3.7°C and 4.1°C (Romanovski
1991), in 1996 they were ~4.16°C (Kipfer and Peeters
2002), and in 2000 they were ~4.29°C (Vollmer et al.
2002b). Kipfer and Peeters (2002) suggested that the in-
creased deep-water temperature measured in 2001 may have

Table 2. Profile of SF4 concentrations measured in water sam-
ples collected at the deepest station on 4 August 2001. SF, ages
were calculated using the procedure outlined by Hofer et a. (2002)
and are based on the atmospheric concentrations of Maiss and Bren-
ninkmeijer (1998) and on the solubilities of Bullister et al. (2002)
using S= 6 gkg*andp = 0.813 atm.

Depth Sk Temperature Sk age
(m) (pg kg™ (°C) (yr)
10 0.283 10 —
10 0.403 10 —
50 0.265 53 0.9
50 0.231 5.3 3.1
100 0.232 49 3.4
100 0.215 49 45
150 0.210 47 5.0
150 0.227 47 3.8
200 0.180 4.6 7.3
200 0.205 4.6 5.4
250 0.220 4.6 4.4
250 0.180 4.6 7.3
300 0.167 4.6 8.3
300 0.193 4.6 6.3
350 0.177 45 7.6
350 0.180 45 7.3
400 0.190 45 6.6
400 0.168 45 8.3
450 0.185 45 7.0
450 0.166 45 8.4
500 0.150 4.4 9.8
500 0.154 4.4 9.5
550 0.176 4.4 7.7
550 0.154 4.4 9.5
600 0.162 4.4 8.8
600 0.174 4.4 7.9
650 0.131 4.3 11.5
650 0.146 4.4 10.2

been the result of global warming, as has been observed, for
instance, in Lake Zurich, Switzerland over the past 50 yr
(Livingstone 2003). The long-term increase of the February
surface temperatures in Lake Issyk-Kul has also been attri-
buted to global warming (Romanovski and Shabunin 2002).
In any case, because, in Lake Issyk-Kul, temperature and
density stratification are closely linked, mixing conditions
and the relative importance of advective versus diffusive
mixing in the past were possibly not the same as they are
today. Taking along-term paleolimnological view, lake level
fluctuations and the associated change in the salinity, and
hence density, of the lake water may also be important for
the processes driving advective deep-water renewal. In the
past 90 yr, the lake level has dropped continuously by ~3
m (Tsigelnaya 1995; Romanovski 2002), which implies a
corresponding increase in the salinity and density of the
near-surface water that could have resulted in enhanced ad-
vective deep-water exchange. During periods of increasing
lake level, surface water salinity and density decrease, thus
presumably reducing advection to the deep water. Such a
mechanism has been suggested to be responsible for the
large residence times of the deep water of the Caspian Sea
(~20 yr; Peeters et al. 2000). Because the level of Lake
Issyk-Kul was significantly lower in the 15th century than



in the early 19th century (Tsigelnaya 1995), rising water
levels might have resulted in deep-water anoxia; if so, the
geochemica analysis of sediment cores would bring this to
light.
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