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Abstract
Double diffusion in lakes and oceans can transform vertical gradients into staircases of convectively mixed

layers separated by thin stable interfaces. Lake Kivu is an outstanding double-diffusive natural laboratory
with > 300 such steps over the permanently stratified deep basin. Here, we use 315 microstructure profiles
(225 measured in Rwanda and 90 in the DRC) to shed light on the heat and salt balances of Lake Kivu. Compar-
ing profiles from 2011 and 2015 reveals warming of 8.6 mK yr−1 below 80 m depth and negligible changes in
salinity. The double-diffusive layering is coherent over horizontal distances of 20–30 km and remained
unchanged between 2011 and 2015, indicating little variability. The mean estimated dissipation within mixed
layers is 1.5 × 10−10 W kg−1. If unshaped Batchelor microstructure spectra are interpreted as nonturbulent, the
rescaled dissipation of 0.44 × 10−10 W kg−1 corresponds to a vertical heat flux of 0.10 W m−2, which agrees with
the molecular heat flux through the adjacent stable interfaces. Using estimates of upwelling, temporal changes
of temperature and salt, and vertical double-diffusive fluxes, we established heat and salt balances, which
require lateral heat and salt inputs. For salt, lateral input of freshwater at the main gradients balances upwelling.
For temperature, however, the divergence of the vertical double-diffusive fluxes can only be balanced by hori-
zontal inputs supplying cool water above and warm water below the main gradients. This suggests that lateral
inputs of water at various depths are the main drivers for this unique double-diffusive phenomenon in
Lake Kivu.

Transport of heat, salt, nutrients, and various other particu-
late and dissolved substances is essential for the physical, bio-
geochemical, and ecological functioning of natural waters.
Those transport rates in Lake Kivu are of particular interest,
because it contains large amounts of dissolved methane
(~ 60 km3, at 0�C and 1 atm) and carbon dioxide (~ 300 km3)
in its deep-water layers (Schmid et al. 2005).

These gases, on the one hand, are a threat, because they
could potentially trigger a limnic eruption (Schmid et al.
2003; Lorke et al. 2004) but, on the other hand, offer also an
opportunity, as methane can be used as energy source. Since
2016, a first commercial-scale power station is operational,
where deep water is syphoned to the lake surface, the dis-
solved methane is extracted, and the degassed water is rein-
jected to the deep water of the lake. Both Rwanda and the
Democratic Republic of the Congo (DRC) intend to expand
the use of this energy resource in the near future.

Lake Kivu is further relevant from a fluid dynamics point of
view, because it contains one of the most undisturbed signa-
tures of double-diffusive layering in the world (Schmid
et al. 2010; Sommer et al. 2013a; Fig. 1a, inset). In this work,
we consider the vertical and horizontal structure of this
double-diffusive layering to study the heat and salt balance of
Lake Kivu. As the molecular diffusivities of salt and dissolved
methane are similar, the results are also of high relevance for
the initiated methane extraction (Schmid and Wüest 2012).

In Lake Kivu water, four agents determine water density, and
all four increase with depth: temperature, salinity (both shown
in Fig. 1a), methane, and carbon dioxide. As the stabilizing effect
of salinity and carbon dioxide is larger than the destabilizing
effect of temperature and methane, density is increasing with
depth and the water column is gravitationally permanently sta-
ble below ~ 65 m depth (Schmid and Wüest 2012).

The large-scale vertical structure of temperature (Fig. 1a)
and dissolved substances is shaped by the inflows of sub-
aquatic groundwater discharge, which supplies water at vari-
ous depths (Schmid et al. 2005; Ross et al. 2015). These
intrusions contribute ~ 20% to the water balance of the lake
(Muvundja et al. 2014). A small fraction of this groundwater
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discharge is composed of warm, saline water rich in carbon
dioxide and mainly feeds the deep water below the main den-
sity gradient at 255 m depth. Most of the groundwater dis-
charge is cooler and fresher and feeds the water column above
the main gradient. A distinct groundwater source could be
located at 250 m depth in the northern part of the lake and is
responsible for maintaining the main density gradient just
below this depth (Schmid and Wüest 2012; Ross et al. 2015).
Other pronounced density gradients exist at ~ 190 and
~ 310 m depth, which are likely also maintained by the pres-
ence of inflows.

The groundwater discharge causes a slow upwelling
(Fig. 1b) with estimated velocities and corresponding resi-
dence times of ~ 0.2 m yr−1 and ~ 800 yr below the main den-
sity gradient and up to ~ 1 m yr−1 and ~ 200 yr above the
main density gradient. Upwelling is one of the transport
mechanisms to remove heat and salt from the deep water. The
other transport mechanism is small-scale diffusion. It includes
both molecular and turbulent diffusion, and the latter is
essentially double diffusion in Lake Kivu. Double diffusion
enhances the vertical transport of water constituents (com-
pared to molecular diffusion) by transforming gradual density
gradients into staircases of convectively mixed layers, sepa-
rated by thin stable interfaces (Fig. 1a, inset; Toffolon
et al. 2015). Such staircases can develop when two agents that

diffuse at different molecular rates contribute in opposing
ways to the vertical density gradient (Schmitt 1994; Kelley
et al. 2003; Radko 2013). In Lake Kivu, these two agents are
mainly temperature and salinity. They both increase with
depth, thus temperature is the destabilizing and salinity the
stabilizing agent. Such a regime is the diffusive type of double
diffusion, in contrast to the fingering type, where temperature
and salinity decrease with depth (Kunze 2003; Schmitt 2003).

In the case of Lake Kivu, the dissolved gases also contribute
to the density gradient. For the calculation of the density
ratio, their density contributions are added to that of salinity
based on their similar molecular diffusivities (Griffiths 1979;
Schmid et al. 2004; Sommer et al. 2013a). The contribution to
the density gradient by dissolved carbon dioxide is ~ 40% of
the salinity density gradient (Schmid et al. 2003), and most of
both the dissolved salts and carbon dioxide are assumed to
enter the lake with the subaquatic groundwater discharge
(Ross et al. 2015). Methane reduces the salinity density gradi-
ent by ~ 15%. It is partially of biogenic origin from the anaer-
obic decomposition of organic matter, while the remainder
either stems from a direct source of geogenic methane or is
produced by the reduction of carbon dioxide with geogenic
hydrogen (Pasche et al. 2011).

In a previous study, we measured vertical fluxes of tempera-
ture and salinity through the double-diffusive staircases and
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Fig. 1. Lake Kivu characteristics. (a) Vertical temperature and salinity profiles measured on 02 February 2011 at 13:30 at the location marked green in
(c). The box between 180 and 190 m depth indicates the depth interval of the inset with eight double-diffusive steps. (b) Upwelling velocity as used in
the model of Schmid et al. (2005). The upwelling velocity is close to zero at the deepest location and its value increases stepwise toward the surface as
water enters the Lake at various depths. The estimated discharges of the inflows are indicated above the horizontal arrows. The upwelling velocity
decreases upward between individual water inflows because of the increasing Lake area toward the surface. (c) Profiling locations at Lake Kivu. Dots indi-
cate the 315 profiles collected in 2010, 2011, and 2015. Blue and red dots indicate near-border profiles measured 2011 and 2015, respectively, that
were used for estimating the warming rates in Lake Kivu. Bathymetric lines denote 100 m depth intervals; the thick line corresponds to the lake surface
and the curved line is the border between Rwanda and the DRC.
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compared them to existing flux parameterizations of double dif-
fusion (Sommer et al. 2013b). In another study, we used direct
numerical simulations to show that molecular fluxes through
interfaces are equal to the total vertical fluxes when the density
ratio (the ratio of the stabilizing to the destabilizing vertical den-
sity gradient) is larger than three (Sommer et al. 2014).

In this work, we extend the 225 profiles used in previous
publications and measured on the Rwandese side of Lake Kivu
(Sommer et al. 2013a) by 90 new profiles on the Congolese
side measured in 2015. With the Congolese profiles, we have
now completed the data set of Lake Kivu covering evenly the
entire deep part of the lake with profiling locations every
~ 2 km (Fig. 1c). We use these measurements to (i) determine
warming rates in Lake Kivu; (ii) study the horizontal coher-
ence of double-diffusive staircases; (iii) estimate dissipation
rates of turbulent kinetic energy in the mixed layers; and
(iv) relate these findings to the vertical diffusive heat fluxes.
Finally, we combine warming rates and upwelling and vertical
diffusive fluxes to form an overall heat and salt balance for
Lake Kivu. Horizontal contributions are postulated to close
the balance, and a comparison of the different terms in the
heat and salt balance is used to derive conclusions on the
interplay between subaquatic springs and double diffusion.

Methods
Microstructure measurements

Microstructure profiles of temperature and conductivity
were measured with a free-falling Vertical Microstructure
Profiler (VMP-500; Rockland Scientific International) at a
descent rate of ~ 0.4 m s−1. An algorithm was used to
extract the temperature and salinity properties of double-
diffusive interfaces and adjacent mixed layers from the
combined standard and microstructure temperature and
conductivity profiles. The algorithm is based on criteria
relating small-scale gradients to background gradients and
requesting approximate linearity in the interface core.
Details of the algorithm, sensor specifications, sensor
response corrections, as well as salinity and density calcula-
tions are found in Sommer et al. (2013b).

Dissipation rates of turbulent kinetic energy
To estimate turbulence levels, we determined the dissipa-

tion rates of turbulent kinetic energy ε by analyzing the verti-
cal temperature microstructure signal within the double-
diffusive mixed layers. The highly stable interfaces were
excluded, as they are basically turbulence free (Sommer
et al. 2013a). Dissipation rates were obtained by employing
the maximum likelihood spectral fitting method (Ruddick
et al. 2000; Steinbuck et al. 2009a) of the Batchelor spectrum
SB (Batchelor 1959; Gibson and Schwarz 1963) to the mea-
sured and frequency-response corrected temperature gradient
spectrum, Smeas, including the rejection criteria suggested by
Ruddick et al. (2000). Smeas was obtained by first dividing the

mixed layer into three equally long depth segments with 50%
overlap. For each depth segment, the linear trend of the signal
was subtracted and the gradient temperature spectrum com-
puted. The three spectra were averaged and divided by the fre-
quency response ψ(f )2. The resulting spectrum is the spectrum
Smeas used for Batchelor fitting.

The lower wavenumber limit for Batchelor fitting is set
either by the length of the sampling interval or the upper
bound of the inertial-convective subrange of turbulence
(Steinbuck et al. 2009b), depending on which is larger. The
upper wavenumber limit kU for fitting depends on the fre-
quency response of the FP07 thermistor as well as on the noise
spectrum. The frequency response ψ2(f ) (−) of the FP07 therm-
istors is given by ψ2 = (1 + [2πfτ]2)−2 with f (s−1) being fre-
quency and τ = 0.010 s being the response time (Sommer
et al. 2013b). Requiring that ψ2(f ) > 0.1 sets the upper fre-
quency limit to fU = 23 Hz and thus kU = 2π fU/W (rad m−1)
with W (m s−1) being the sinking speed of the VMP-500 pro-
filer. The noise spectrum Sns(f ) (K2 s) was approximated by
Sns(f ) = 10bfm with m = −0.6962, b = −10.5503 for profiles
measured in 2010 and 2011 (f in units of s−1) and, because of
a change in the electronic circuit, using m = −0.3925,
b = −10.9749 for profiles measured in 2015. We validated the
noise spectra by lab bench measurements and field observa-
tions at weak turbulence. Requiring that Smeas exceeds Sns by
at least a factor of two may eventually decrease kU further.

To estimate the uncertainty of the microstructure methods
is challenging as there are, besides the accuracies of the sen-
sors, unknown biases, which partly depend on the nature of
the sampled turbulent flow (Steinbuck et al. 2009b; Gregg
et al. 2018) and the intrinsic intermittency of turbulence in
stratified natural waters of at least one order of magnitude.
Therefore, in most microstructure studies, the focus is on spa-
tial structures or temporal dynamics, and absolute accuracies
are not reported. As shown below (Dissipation Rates and Verti-
cal Structure of the Heat Fluxes section), a large fraction of
evaluated depth segments produce unshaped Batchelor spec-
tra, probably caused by the intermittency in this particular
low-turbulence environment. Those unshaped spectra cannot
be evaluated and cause a large absolute uncertainty. Even
though in another study, a comparison of more than 70,000
parallel temperature- and shear-based dissipation estimates
revealed agreements of better than a factor of two (15% differ-
ence of the averages; Kocsis et al. 1999), we interpret here only
the vertical structure of the dissipation.

Vertical diffusive heat and salt fluxes
Vertical diffusive heat fluxes in Lake Kivu were estimated

using two methods. The first method is based on molecular
fluxes through double-diffusive interfaces (Sommer et al. 2013a).
The vertical diffusive temperature flux FTz (K m s−1) is defined by
FTz = −κT∂T/∂z|int, where κT = 1.4 × 10−7 m2 s−1 is the molecular
diffusivity of heat at deep-water temperatures and ∂T/∂z|int is the
measured vertical temperature gradient within double-diffusive
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interfaces (Sommer et al. 2013b) (z decreases in the downward
direction). The corresponding heat flux, FH (W m−2), is then
given by FH = cpρFTz with specific heat capacity cp (J kg−1 K−1)
and water density ρ (kg m−3).

The second method for estimating vertical diffusive heat
fluxes FHε is based on measured ε and assumes mechanical
energy conservation (i.e., potential plus kinetic energy) within
the double-diffusive layers (Hieronymus and Carpenter 2016).
The buoyancy flux Jint through a double-diffusive interface is
equal to the dissipation rate ε within the mixed layer plus a
diffusive buoyancy flux Jd within the mixed layer (for deriva-
tion see Hieronymus and Carpenter [2016]):

Jint ¼ ε+ Jd ð1Þ

The ratio γH ≡ Jd/Jint of the two buoyancy flux terms is
~ 0.20 for a mixed-layer-based Rayleigh number of ~ 108 typi-
cal for Lake Kivu (Sommer et al. 2014; Hieronymus and Car-
penter 2016). Using this definition for γH leads to a relation to
the measured dissipation ε by

Jint ¼ ε

1−γH
ð2Þ

The interfacial buoyancy flux is defined by

Jint ¼ αg
cpρ

FHε−Rf
αg
cpρ

FHε ð3Þ

Here, α (K−1) is the thermal expansion coefficient, g is the
gravitational constant (m s−2), and Rf (−) is the double-
diffusive flux ratio, which is the ratio of the salt flux-driven
buoyancy flux to the heat flux-driven buoyancy flux. Here, we
use Rf = 0.11 corresponding to the average flux ratio measured
in Lake Kivu (Sommer et al. 2013a). Combining Eqs. 2 and 3
leads to a formulation for calculating FHε.

FHε ¼ 1
1−Rfð Þ 1−γHð Þ

cpρ
gα

ε ð4Þ

The vertical salt fluxes FSz (g kg−1 m s−1) are calculated from
FTz using FSz = (α/β)RfFTz, where β (kg g−1) is the haline con-
traction coefficient.

In order to relate the vertical diffusive fluxes to the vertical
background gradients of temperature and salinity, we define a
vertical apparent diffusivity, which for temperature is κTa =
−FTz/(∂T/∂z) and for salinity κSa = −FSz/(∂S/∂z). Here, ∂T/∂z and
∂S/∂z are the background gradients (calculated by linear fits
over consecutive vertical intervals of 2 m) of temperature and
salinity, respectively.

The lower theoretical limit for the vertical diffusive heat
and salt flux is given by molecular diffusion through the back-
ground gradient and is defined by FH,mol = −cpρκT∂T/∂z and
FS,mol = −κS∂S/∂z, respectively. Here, κS = 1.43 × 10−9 m2 s−1 is

the combined diffusivity of salt, methane, and carbon dioxide
(Sommer et al. 2013a).

Results and discussion
Warming of Lake Kivu

In order to determine temperature and salinity changes in
Lake Kivu over time, we chose 18 profiles of temperature and
salinity close to the border of Rwanda and the DRC. Nine of
these were measured in 2011 in Rwanda (marked blue in Fig. 1c)
and nine in 2015 in the DRC (marked red in Fig. 1c). We then
averaged the temperature profiles (Fig. 2a) measured in 2011 and
2015, respectively, and calculated the rate of change from their
difference (Fig. 2b). The profiles selected that way are all located
in the open water of the northern basin and are chosen as close
to each other as possible, while reaching down to a depth of at
least 375 m. By this, we ensure that temperature profiles are
compared with minimal spatial bias. Additionally, we calculated
temperature trends from 2002 to 2018 from an independent set
of six temperature profiles measured in the years 2002, 2004,
2007, 2010, 2012, and 2018 within the same area. The profiles
show a consistent temperature increase at all depths. Below
80 m depth, Lake Kivu has been warming at an average rate of
8.6 mK yr−1 between 2011 and 2015 and at a rate of 10.4 mK
yr−1 between 2002 and 2018 (Fig. 2b). Above the main density
gradient, the warming rate increases upward from ~ 5 mK yr−1

at 225 m depth to ~ 19 mK yr−1 at 80 m depth in agreement
with previous warming trends from 1975 to 2004 and 2004 to
2011, which were extracted from fig. 5a in Katsev et al. (2014).
At 350 m depth, we observed a similar trend as found by Katsev
et al. (2014) for the period from 2004 to 2011. This recent warm-
ing of 10–15 mK yr−1 was absent in the trend from 1975 to
2004. At 285 m, we determined a warming rate of ~ 3 mK yr−1

for 2011 to 2015 and ~ 10 mK yr−1 for 2002 to 2018, which are
both smaller than the 14 mK yr−1 determined by Katsev
et al. (2014) from 2004 to 2011 but similar to the trend from
1975 to 2004.

The observed warming rates of 8.6 and 10.4 mK yr−1 are
similar to other great African Lakes (O’Reilly et al. 2003;
Verburg et al. 2003). In these lakes, warming is explained by
increased surface water temperatures caused by climate warm-
ing and subsequent downward transport of heat by turbulent
diffusion. In Lake Kivu, however, turbulence is suppressed by
the extraordinarily stable stratification indicated by the exis-
tence of double-diffusive layering, and the warming of the
deep water (> 80 m depth) thus cannot be explained by heat
input from the surface (Katsev et al. 2014). Rain water, which
infiltrates into volcanic fissures on land and enters the lake
below the surface, may, however, carry the atmospheric warm-
ing signature to the deep water of Lake Kivu. We plan to
investigate this hypothesis by age measurements of the water
using 39Ar as age tracer. Also, the anaerobic decomposition of
organic matter into methane and carbon dioxide releases heat
into the lake water. Based on the carbon and methane budgets
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estimated by Pasche et al. (2011) and the heat release for acet-
oclastic and hydrogenotrophic methanogenesis (Fey and Con-
rad 2000), this heat release corresponds to a warming rate of
~ 2.4 mK yr−1 below the main gradient at 255 m depth and
0.10 mK yr−1 above. However, assuming that the current tem-
perature is in steady state with the long-term average organic
matter decomposition, only the contribution of the recent
increase in methane production (i.e., about one third of the
current production) should contribute to the observed heat-
ing. Thus, we can expect that realistically not more than a
fraction of ~ 10% of the apparent warming of 8.6 mK yr−1

below the main gradient is of biogenic origin. Temperature
sensor accuracies and drifts do not influence our measure-
ments by more than ~ 10%, because the same well-aged (more
than 10-yr old) SeaBird SBE-3F sensor was used in 2011 and
2015 for which we never had to correct readings after cross
calibration in a Hart bench-top calibration bath. This indicates
a drift of less than 1 mK yr−1 or ~ 10% of the observed temper-
ature trends. Moreover, two independent measurements with
different sensors, that is, our profiles from 2002 to 2018 and
the profiles from 1975 to 2014 (Katsev et al. 2014), yielded
comparable temperature trends and thus corroborate the
warming trend observed between 2011 and 2015. However,
the reason for the exceptionally large warming rate of

> 10 mK yr−1 below 340 m depth (Fig. 2b) remains unclear
and should be monitored in the future to be aware of a poten-
tial destabilization of the water column.

Horizontal coherence of the layering
Horizontal coherence of the layering was studied by

extracting salinities and potential temperatures from mixed
layers for profiles measured at different locations (Schmitt
et al. 1987; Timmermans et al. 2008; Polyakov et al. 2012;
Scheifele et al. 2014; Meccia et al. 2016). A clustering in
temperature–salinity space is interpreted as a signature of hori-
zontal coherence. In Lake Kivu, we observed such clustering
especially between 185 and 196 m and between 306 and
316 m depth (Fig. 3a,b,d). To identify those clusters easily,
they are framed by gray boxes in Fig. 3b,d. Clusters identified
in the profiles of 2011 connect seamlessly to clusters measured
in 2015 indicating surprisingly small temporal variability of
the double-diffusive staircase structures over the 4-yr period.
Coherent mixed layers measured in 2015 (red dots in Fig. 3b,d)
show increased temperatures compared to mixed layers mea-
sured in 2011 (blue dots in Fig. 3b,d) but almost no changes
in salinity. This underpins the warming trend determined
from the averaged profiles in Fig. 2. In order to investigate the
horizontal coherency of mixed layers, we focused on one clus-
ter at 190 and one at 310 m depth (framed in green in Fig. 3b,
d). For each dot in these clusters, the profiling location was
extracted and plotted in Fig. 3c,e with the color indicating the
temperature of the mixed layer at each location. The mean
temperature difference between 2011 and 2015 was subtracted
from the temperatures measured in 2015 to get a purely spa-
tial pattern. At 190 m depth, the mixed layers are coherent
over almost the entire northern basin (Fig. 3c). A cold signature
of water entering the lake from the northern shore is identified,
in agreement with observations by Ross et al. (2015), and can
be followed south for ~ 5 km along the Rwandan-Congolese
border (black line in Fig. 3c,e). Coherent layers at 310 m depth
(Fig. 3e) are also present; however, in comparison to 190 m
depth, they are located further away from the northern shore
and extend ~ 20 km into the south-eastern branch of Lake
Kivu. Horizontal variations of temperature, both at 190 and
310 m depth, are ~ 0.10�C.

Dissipation rates and vertical structure of the heat fluxes
Dissipation rates ε (W kg−1) of turbulent kinetic energy

indicate turbulence levels and provide an independent esti-
mate for the vertical diffusive heat fluxes. The distribution of ε
is shown in Fig. 4a. Measured dissipation rates are close to log-
normally distributed, but for unknown reasons, the set of ε

estimates contains some very large (> 10−7 W kg−1) and small
(< 10−12 W kg−1) values, and therefore, the kurtosis of the log-
arithmic data is 4.3 instead of the expected value of 3.0 for a
normal distribution. Consequently, the distribution fails the
Lilliefors test for normality. In principle, this could be avoided
by removing the ~ 50 largest and smallest values, which
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depth calculated from the black line. The small red dots (with error bars) at
190 and 310 m depth were obtained from the temperatures differences of
the coherent mixed layers shown in Figs. 3b,d.
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results in a perfectly lognormal distribution of the remaining
values. However, as there are no arguments to remove extreme
values, we decided to keep the entire data set and estimate the
mean using the maximum likelihood estimator of a lognormal
distribution, which is 1.5 × 10−10 W kg−1 (Fig. 4a). This is a
better estimate for the true mean than the arithmetic mean
(3.0 × 10−10 W kg−1), which is strongly affected by few
extremely large values. The standard deviation of the log-
transformed data is 1.61, corresponding to a factor of 5.0 after
back-transformation. Unfortunately, the effective mixed layer
average of ε carries a large error, because 70.4% of the micro-
structure segments did not show Batchelor-type forms. These
were rejected for ε estimation and are therefore missing in the

average of 1.5 × 10−10 W kg−1. We consider too weak turbu-
lence, unable to produce Batchelor-like spectra, as the most
probable reason for rejection. The inspection of numerical
simulations of convective turbulence, as presented in fig. 1b
in Gayen et al. (2013) and fig. 2b in Sommer et al. (2014),
indicate large regions within the mixed layer which are distant
to the main shearing zones related to the driving plumes.
Assuming such strong inhomogeneity in dissipation and set-
ting all rejected ε estimates to zero would provide a mixed
layer average of 0.44 × 10−10 W kg−1.

Figure 4b shows two histograms of the related vertical diffu-
sive heat fluxes, either estimated from ε (FHε) or from molecular
fluxes through the double-diffusive interfaces (FH). The mean of
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indicates the Rwandan-Congolese border. In (c, e), the warming rates were subtracted from the profiles measured in 2015 in order to obtain a purely
spatial temperature representation.
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the estimates of the ε-derived heat fluxes is 0.34 W m−2

(Fig. 4b). If rescaled with a factor of 1–0.704 = 0.296, which
accounts for the 70.4% rejected spectra as zero dissipation, the
mixed layer average is 0.10 W m−2. For FH, for which all esti-
mates are valid and therefore to 100% included in Fig. 4b, the
arithmetic mean and the maximum likelihood estimate are
equal at 0.10 W m−2 and also in agreement with Sommer
et al. (2013a) for measurements on the Rwandan side only. The
standard deviation of the log-transformed data is 0.90, corre-
sponding to a factor of 2.5 after back-transformation. Although
the numerical coincidence of the mixed layer averages of FH,
and the rescaled FHε is accidental at 0.10 W m−2 (Fig. 4b), it indi-
cates that the interpretation of the dissipation values is consis-
tent. For the following heat balance calculations, we, however,
exclusively use FH (or the corresponding temperature flux FTz), as
FH is based on molecular fluxes through interfaces and has been
shown to well capture the total fluxes (Sommer et al. 2014).

The depth dependence of FH and FHε as well as FH,mol is
shown in Fig. 4c with a vertical binning resolution of 10 m.
FH exceeds molecular fluxes by factors of 10 to 60 and is larg-
est (FH ≈ 0.15 W m−2) near the centers of the main gradients
at 190, 255, and 310 m depth. The structure of FHε (scaled by
a factor of 0.296) follows astonishingly well the structure of
FH and thus independently confirms the structure (not the
magnitude) of the observed heat flux variations (Fig. 4c).
Although, as mentioned above, we have no concluding proofs
that 70.4% of the microstructure segments are nonturbulent,

the match between FH and 29.6% of FHε (Fig. 4c) supports the
hypothesis that the rejected microstructure segments are of
very low turbulence levels.

Heat and salt balance
We combine our measurements to form a heat and salt bal-

ance for the water column of Lake Kivu and focus on the heat
balance first. The salt balance follows analogously. The conser-
vation equation for temperature links the warming and cool-
ing of water to advective and diffusive fluxes by

∂T
∂t

¼ − u
∂T
∂x

+ v
∂T
∂y

+w
∂T
∂z

� �
−

∂FTx
∂x

+
∂FTy
∂y

+
∂FTz
∂z

� �
ð5Þ

Here, t (s) is time, u, v, and w (m s−1) are the components of
the fluid velocity in x, y, and z direction, respectively, and FTx,
FTy, and FTz (K m s−1) are the three components of the diffusive
temperature fluxes, respectively. We then simplify Eq. 5 to

∂T
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¼TH −w
∂T
∂z

−
∂FTz
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TH ¼ − u
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Fig. 4. Dissipation rates and vertical diffusive heat fluxes. (a) Histogram of the dissipation rate of turbulent kinetic energy in the mixed layers
(n = 9408). The maximum likelihood estimator (mle) of the mean of 1.5 × 10−10 W kg−1 is indicated by the black vertical bar. The black curve is the
probability density function of the corresponding lognormal distribution. (b) Histogram of vertical diffusive heat fluxes calculated from the dissipation
rates in (a) (white bars, n = 9408). The mle of the mean is 0.34 W m−2, indicated by the right black vertical bar. For comparison, the vertical diffusive
heat fluxes calculated from molecular fluxes through interfaces are superimposed in gray (arithmetic mean and mle of the mean are both 0.10 W m−2,
n = 13,971). (c) Vertical structure of the vertical diffusive heat flux. Heat fluxes were first binned into depth segments of 10 m with 50% overlap, and for
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son with the interfacial flux. The molecular flux through the background gradient is also shown for comparison (dotted line).
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stands for the four horizontal temperature terms in x and
y directions.

From the average temperature profile in Lake Kivu
(Fig. 5a) and using the upwelling velocities from the model
of Schmid et al. (2005) (Figs. 5a, 1b), we calculate the
upwelling term −w∂T/∂z of the heat balance (Fig. 5c, blue).
If upwelling were the only temperature-changing process in
Lake Kivu, the water would warm by ~ 40 mK yr−1 at 255 m
depth and by ~ 10 mK yr−1 at 190 m depth, and thus partly
exceed the observed warming rates (magenta in Fig. 5c).
However, in the low gradient zones (e.g., at 225 and 350 m
depth), upwelling is not sufficient to explain the observed
warming.

As the vertical diffusive heat flux varies with depth
(Figs. 5b, 4c), the vertical variation of the vertical diffusive
heat flux ∂FTz/∂z (called vertical flux divergence in the legend
of Fig. 5c) contributes to the heat balance. This contribution
causes cooling below the three main gradients and warming
above, thus acts to weaken the temperature gradients. Surpris-
ingly, these warming and cooling rates, based on the vertical
divergence of ∂FTz/∂z, are much larger than both, the upwell-
ing term and the observed warming rates.

To close the heat balance, we postulate the horizontal term
TH (Fig. 5d, Eq. 7). This term is approximately the opposite of
the diffusive flux contribution. It supplies cool water above
the gradients and warm water below the gradients and thus
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prevents the gradients from weakening over time. Recently,
warm temperature anomalies below all main gradients and
cold temperature anomalies above the 255 and 190 m gradi-
ents were reported in temperature profiles (Ross et al. 2015)
thus supporting our hypothesis. Conversely, this implies that
the subaquatic sources have a direct effect on the double-
diffusive layering observed. In a long-term equilibrium, the
steepness of the main gradients depends on the ratio between
the upwelling rate and the diffusive transport. Stronger
upwelling sharpens the gradients, while stronger diffusive
transport weakens them. Without double diffusion, the main
temperature gradients would thus be sharper than they are
today. Between 1974 and 2010, a sharpening of the density
gradients had been observed, which might have been caused
by an increase in groundwater discharge (Schmid et al. 2012).

In the salt balance (Fig. 5e–h), the upwelling term dominates
over the vertical diffusive flux. The horizontal contribution SH
(defined as for temperature in Eq. 7) thus mainly supplies fresh-
water to the main gradients to compensate for the upwelling
(Fig. 5f ) as assumed in the model of Schmid et al. (2005).

The model of Schmid et al. (2005) assumed cold sources
located only at the centers of the gradients. This was sufficient
to balance the warming rates caused by upwelling. In the
model, the vertical diffusive heat fluxes and the corresponding
flux divergences were small. In Fig. 6, we compared the appar-
ent diffusivities derived from our measurements to the ones
used in Schmid et al. (2005). For temperature, the apparent
diffusivities of the model are smaller than the measured ones
by factors of 2 to 20 with the largest differences observed at
the main gradients. For salinity, the apparent diffusivities of
the model are smaller by factors 2 to 3 than the measured
apparent diffusivities within the gradients at 190 and 310 m
depth, but agree well with the measured apparent diffusivities
over the remaining depth range.

We conclude that the subaquatic sources are responsible
for the evolvement of double diffusion in Lake Kivu. The most
important element for double diffusion to develop is the verti-
cal structure of temperature and salinity shaped by the sub-
aquatic sources, which provides the overall favorable
background density ratio over the entire permanently strati-
fied deep water for over hundreds of years. The enhanced ver-
tical fluxes of heat induced by double-diffusive convection
increase the transport of heat from the deep layers to the
upper hypolimnion. This process would stop within a time
scale of several decades without the local supply of heat from
the subaquatic sources. Our observations of coherent layering
in 2011 and 2015 in two depth intervals at 190 and 310 m
depth indicate that the vertical structure of the double-
diffusive layering can be maintained over several years within
a water column that is slowly upwelling by a few decimeters
per year. In order to study the underlying mechanism, indi-
vidual layers have to be repeatedly monitored at time intervals
smaller than the time scale given by the layer thickness over
the upwelling velocity, which is approximately 0.5 m over
0.5 m yr−1, thus 1 yr. Our measurements in 2011 and 2015
with a time difference of 4 yr are thus too coarse. We therefore
cannot assess the movement, formation, and merging of indi-
vidual double-diffusive layers within the rising water column.

Conclusion
We have presented a unique data set of 315 microstructure

profiles covering almost the entire deep part of Lake Kivu on
the Rwandese as well as on the Congolese side. Comparison of
temperature profiles measured in 2011 and in 2015 showed
that Lake Kivu has been warming at a rate of 8.6 mK yr−1

below 80 m depth. In the deep water at 350 m depth, a recent
warming of ~ 10 mK yr−1 was observed that should be moni-
tored in the future. The double-diffusive layering was shown
to be present over most of the northern basin of Lake Kivu
and, and at ~ 310 m depth, lateral coherency extended
~ 20 km into the south-eastern basin. Some layers measured
in 2011 could be identified again in 2015, indicating
extremely small temporal variability, slow layer evolution, and
large lateral coherency in those particular layers. Temperature
maps created from coherent layers revealed cold intrusions
from the northern shore at a depth of 190 m. Estimates of dis-
sipation of turbulent kinetic energy, based on 29.6% of the
measured microstructure segments, revealed an average of
1.5 × 10−10 W kg−1. Assuming that the other 70.4% of the
unshaped Batchelor spectra were caused by too weak turbu-
lence (with dissipation rate = 0) provides a mixed layer dissi-
pation average of 0.44 × 10−10 W kg−1, corresponding to a
vertical diffusive heat flux of 0.10 W m−2. The same average
value resulted from independent measurements of the molec-
ular heat fluxes through the double-diffusive interfaces. The
largest vertical diffusive fluxes were observed in the main gra-
dients at 190, 255, and 310 m depth. To close the heat and
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apparent diffusivities estimated from our Lake Kivu data set (solid lines) and
used in the model of Schmid et al. (2005) (dashed lines) for salinity (blue)
and temperature (red). The depths of the three main gradients are indicated
by horizontal dashed lines. Apparent diffusivities were calculated as described
in Dissipation Rates of Turbulent Kinetic Energy section.
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salt balance, we postulate horizontal contributions. To close
the salinity balance, horizontal inputs of freshwater are
required at the main gradients to balance upwelling. For heat,
we require an input of cold water above the main gradients
and warm water below those gradients. As the effect of the
horizontal inputs of warm and cold water is approximately
inverse to the effect of double diffusion in the heat and salt
balance, we suggest that the subaquatic sources are responsible
for the evolvement of double diffusion in Lake Kivu.

In this work, we have shown that information on double-
diffusive staircases can contribute to the understanding of a
water body as a whole. For Lake Kivu, the long-ranging hori-
zontal coherence of double-diffusive layering suggests small
horizontal variability, justifying one-dimensional lake models.
For future models, we suggest to consider (i) the observed
warming of the lake, (ii) the measured apparent diffusivities,
and (iii) the estimated horizontal contributions to the budget
of heat and salt.
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