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Abstract

To investigate changes in the temperature and stratification structure in Lake Kivu, we

have installed a string of temperature recorders and performed CTD casts. The obtained

data have been compared to historical profiles and the heat budget for the lake was ana-

lyzed.

Lake Kivu is a meromictic lake characterized by an anomaloustemperature distri-

bution with a temperature minimum close to the base of the seasonally mixed layer.

Warming rate at the depth of the temperature inversion is consistent with the historical

warming rate of the surface layer of∼0.14±0.02◦C per decade. Atmospheric warming

rates since the 1970’s in East Africa are between 0.20 and 0.25 ◦C per decade. Reported

warming in surface waters of other East-African rift lakes is∼0.13◦C per decade. Deep

waters (greater than 350 m) in Lake Kivu exhibit variabilityin temperature and are cur-

rently warming at a rate of∼0.06±0.02 ◦C per decade based on the increase in heat

content since the 1970’s and the increase in temperature seen in the deepest measure-

ments between our 2011 and 2012 profiles. The monimolimnion of Lake Kivu cannot

be considered to be in a steady state.

The depth of wind-induced surface mixing during the dry season varies significantly

between years. Mixing to 80 m (the present depth of the temperature inversion) requires
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continuous winds blowing from the south at 9–10 m s−1, whereas typical wind speed

maxima are around 5–6 m s−1 and capable of mixing to around 65 m depth. Occasional

stronger winds cause episodic mixing closer to the temperature inversion which removes

heat, but this does not happen on a regular basis. As the temperature inversion in recent

historical profiles has been as shallow as 65 m, mixing to the temperature inversion

depth is possible during years with stronger than average winds. With heat diffusing

towards the temperature inversion from both above and below, the temperature at the

inversion depth will continue to rise, resulting in a reduced transport of heat out of the

deep waters that may increase the rate at which the water column is warming.
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1

Introduction

The warming of the surface waters of many East African lakes over the last century

(Verburg and Hecky, 2009; Rosenzweig et al., 2007) has important consequences for the

lakes’ physical and ecological structures, as well as the populations that rely on the lake

resources. Among the East African lakes, the meromictic Lake Kivu is unique and of

particular interest due to the presence of a persistent temperature inversion in its water

column, as well as high concentrations of dissolved methaneand carbon dioxide in the

deep waters (Degens and Kulbicki, 1973; Tietze et al., 1980). The gas accumulation is

both a valuable economic resource to the area and a deadly threat, evidenced by the

catastrophic limnic eruptions in Cameroon at Lake Nyos in 1986 (Baxter and Kapila,

1989) and in Lake Monoun in 1984 (Sigurdsson et al., 1987). Atthese lakes, large

quantities of CO2 gas exsolved into the atmosphere from the deep water and killed

(through asphyxiation)∼1,700 people and 3,500 livestock in the surrounding valley of

Lake Nyos and 37 people in the valley surrounding Lake Monoun. Although no his-

torically recorded evidence exists for an eruption of Lake Kivu, sediment cores suggest
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abrupt changes have occurred in the lake at several different times in the past that may

be associated with similar mixing events as in Nyos and Monoun (Haberyan and Hecky,

1987). Warming of Lake Kivu’s water column therefore poses several risks: warmer wa-

ter can contain less dissolved gases, and changing physicalstratification may affect the

mixing regime and rates of heat, nutrient, and gas transportthrough the water column.

Quantifying and monitoring vertical heat fluxes are therefore important for the long-

term stability of the lake and its gas reserves. However, accurate estimations of heat

fluxes at a free surface are difficult to calculate (Calder andNeal, 1984; Lallemant et al.,

1996; Staley and Jurica, 1972) due to variability in cloud cover, surface water temper-

ature, air temperature near the surface water, wind speed, humidity, evaporation, and

rainfall throughout the year. As a result, estimations of these fluxes are made based off

of the regional averages, which introduces large uncertainties (Venäläinen et al., 1999).

These estimates are further complicated when data is limited and significant variability

exists from one year to the next in local weather (Finch and Calver, 2008). In Lake Kivu,

this variability affects the depth of the temperature inversion from one year to the next

(Schmid and Wüest, 2012).

This work aims to: quantify heat fluxes to the lake surface andthe currently ob-

served inversion depth, compare the warming rates with thatof other African lakes, and

estimate water column stability to determine the energy input needed to mix the water

column to the temperature inversion depth. Lateral and temporal variability in the tem-

perature and conductivity profiles are examined to quantifythe changes in temperature

and depths of the pycnoclines to identify possible sub-surface inflows, and gain insight

into the overall water movement in the water column.
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1.1 Objectives of this Work

The specific objectives of this work are:

• To quantify the long-term trends and short-term variability in the lake’s heat con-

tent and physical stratification.

• To quantify the changes in temperature at key depths in the water column, includ-

ing at the base of the mixolimnion, at the depth of temperature inversion, and in

the deep waters below the primary chemocline.

• To estimate the heat fluxes near the depth of temperature inversion to verify pre-

vious suggestions that mixing down to the inversion occurs episodically and to

constrain the heat budget for the lake.

• To estimate the heat fluxes across the free surface of the laketo gain insight into

whether the heat budget of the lake is balanced.

• To investigate the spatio-temporal variability of the temperature and conductivity

profiles in the lake, including in the deep water, to gain insight into the deep

mixing processes and the contributions from deep heat sources.

1.2 Hypotheses

H1 : The temperature in the mixolimnion, down to the depth of temperature inversion,

has been increasing over the past 40 years at a rate of 0.14◦C per decade, consis-

tent with regional atmospheric warming. This warming of thelake surface waters

3



is consistent with heat transfer predominantly from the atmosphere, rather than

from deep heat sources.

H2 : The deep water is warming due to a combination of increasing gas content, warm

subsurface springs, geothermal heating from the volcanic basin, and reduced up-

ward heat transport from the warming occurring at the temperature inversion

depth.

H3 : Mixing to the depth of temperature inversion does not occur every year. Occa-

sional drier and windier conditions may cause deeper mixingthat can remove

heat from depths near the temperature inversion, and thus can affect the rate of

heat removed from the deeper waters.
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2

Background

2.1 Lake Kivu: General Information

Lake Kivu is the smallest of the African Great Lakes. It lies on the Albertine Rift

and has a lake surface area of approximately 2650 km2 (2370 km2 excluding islands)

and a catchment area of approximately 7000 km2. It is situated between 1◦34’25” and

2◦29’40” S latitude and between 28◦51’4” and 29◦22’38” E longitude, on the border

between Rwanda and the Democratic Republic of the Congo. Theonly surface outflow

to the lake is the Ruzizi River, which has∼ 3.0 km3 yr−1 discharge feeding into Lake

Tanganyika (Schmid and Wüest, 2012; Muvundja, 2010).
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Figure 2.1: Bathymetric map of Lake Kivu showing major cities and the basins, based
on Fig. 2.1 of Schmid and Wüest (2012). The contours are in 100 m intervals, and the
catchment is shaded grey.

Lake Kivu differs greatly from other African Great Lakes by its volcanic origin, high

altitude, and the strong and permanent stratification in itswater column that is due to the

physico-chemical properties of its water (Degens and Kulbicki, 1973; Schmid and Wüest,
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2012; Damas, 1937). Resting at an altitude of 1463 m, Lake Kivu is located significantly

higher than any other of the Albertine rift lakes; it lies between three mountain chains:

the Mitumba Mountains in the west, the Rwandan dorsal in the east (Muvundja, 2010),

and the Virunga Mountains to the North (Halbwachs et al., 2002). The Virunga moun-

tains include several active volcanoes, two of which are located within 25 km of the lake

shore near Goma, DRC. These two, Mt. Nyiragongo and Mt. Nyamuragira, account

for nearly 40% of Africa’s recorded volcanic eruptions and are still very active today

(Simkin and Siebert, 1994).

Lake Kivu can be separated into five primary basins (Damas, 1937) and the Bay of

Kabuno, the later connected to the rest of the lake via a shallow sill of approximately 11

m depth (Schmid and Wüest, 2012). The land surrounding the lake consists of steep hills

and mountain sides which are eroding with landslides and seismic activity (Maongo,

2007). The lake is fed by 127 surface streams (Muvundja et al., 2009; Muvundja, 2010)

and has several small surface hot spring runoff inflows. During the wet season, oc-

casional rivers flow into the lake through the town of Bukavu on the southern end at

times of high precipitation (Muvundja, 2010). Importantly, subsurface springs so far

found mostly along the northern shore enter the lake at various depths, affecting the

lake’s water budget and stratification (Degens and Kulbicki, 1973; Schmid et al., 2005;

Bergonzini, 1998).

The climate in the Kivu basin is considered tropical, with a long wet season extend-

ing from October through May, which includes a “short rains”season in January, and

a dry season from June through September. The rainiest monthis April with an aver-

age of∼200 mm of precipitation to the lake surface (as measured on the North side

of the lake) and∼190 mm on its watershed (Bergonzini, 1998). A short dry season
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in February exists with precipitations of between 130 and 140 mm per month. In the

dry season, precipitations are only around 27 mm per month onthe lake surface and 25

mm per month on its watershed (Bergonzini, 1998). During thelong dry season (June –

September), strong winds blow from the southeast, which aidin mixing the surface wa-

ter. This mixing occurs as increased evaporation cools the water in the epilimnion down

to between 40 and 60 m. The total rainfall estimates are between 1300 and 1500 mm

per year (Bergonzini, 1998; Schmid and Wüest, 2012). The hydrology of Lake Kivu is

maintained by the precipitation, since the catchment area consists of mainly small moun-

tainous tributaries (Bergonzini, 1998; Marlier, 1954) aside from the North end which is

drained through sub-aqueous inflows into the lake.

Like other African Great Lakes, Lake Kivu is vulnerable to human activities such

as the increasing subsistence agricultural activities, deforestation, and urbanization. As

deforestation has led to soil erosion and landslides (Jonesand van der Walt, 2004) into

the lake, increases in nutrient inputs to the lake have occurred (Bootsma and Hecky,

2003). Industrial activities consist mainly of two breweries and some processing of

agricultural products, primarily tea, coffee, and quinine(Muvundja, 2010). Rivers and

streams which drain into local lakes (including Lake Kivu) are very turbid and brown-

colored due to the abundant phytoplankton and suspended organic matter; this is a re-

sult of agricultural activities and further contributes tothe nutrient inputs into the lake

(Lejeune and Frank, 1990).
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2.2 Stratification

The lake surface water has an average temperature of 23.5◦C (Sarmento et al., 2006),

varying between∼ 23.0 ◦C and 24.6◦C seasonally. Lake Kivu is permanently strati-

fied without oxygen in its deeper waters (Damas, 1937; Lorke et al., 2004) and seasonal

convective mixing of the surface waters extends only to about 50 m depth (Tietze et al.,

1980). Below the seasonal mixing depth, several temperature gradients define the profile

of the water column. At approximately 80 m depth, an inversion occurs in the tempera-

ture profile, below which the temperature increases with depth to the lake floor.

2.2.1 Inversion in temperature profile

The increase in temperature with depth in the deep water column of Lake Kivu is anoma-

lous for tropical water temperatures. Typically, due to warm water being less dense

than cooler water, lakes stratify so that the temperature decreases with depth. The in-

crease in temperature below 80 m in Lake Kivu is caused mainlyby sub-aquatic flows

(Degens and Kulbicki, 1973) of the volcanic basin. The stability of the water column is

maintained by the increase in water salinity with depth. This chemical profile is defined

by the concentrations of dissolved salts and dissolved gases that increase with depth.

Concentrations of salts, primarily bicarbonates of magnesium, potassium, and calcium

(Schmid et al., 2002), increase from the surface concentration of ∼1 g l−1 to ∼6 g l−1

at 450 meters depth. The dissolved gases of primary concern are carbon dioxide and

methane. Methane dissolution causes a slight decrease in density (due to a negative con-

traction coefficient in water), whereas dissolved CO2 increases density (Schmid et al.,

2002; Wüest et al., 1996).
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2.3 Components of the heat and water budgets

A lake’s heat budget is affected by several heating and cooling mechanisms. Being lo-

cated just south of the equator means that Lake Kivu receivesa near constant rate of

incoming solar radiation year round above the clouds. The depth to which the photo-

synthetically active radiation (PAR, which is mostly visible light) penetrates is around

22 meters, at which point the light intensity is about 1% of the value at the lake sur-

face (S. Crowe, unpublished). This results in a shallow euphotic zone that is typically

shallower than the oxic mixolimnion (Sarmento et al., 2006). Liquid water gains energy

(and therefore heats up) primarily through vibrational transitions caused by absorption

in the mid-infrared (i.e. longwave) region of the electromagnetic spectrum. This spectral

region corresponds to wavelengths between 6000 nm and 3000 nm. As the attenuation

of these wavelengths in water is much greater than PAR, heating of the surface waters

directly from incoming radiation is very limited in depth, and thus any temperature in-

creases observed deeper are a result of heat transport from the surface downward.

Both emission and absorption of thermal radiation by the lake surface are character-

ized by a blackbody radiative spectrum, which depends on temperature and emissivity.

The Stefan-Boltzmann law states that the total energy radiated per unit surface area per

unit time (also known as irradiance and radiant flux) is:

j∗ = εσT4 (2.1)
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whereσ=5.67·10−8 J s−1 m−2K−4, the Stefan-Boltzmann constant, T the body’s tem-

perature in Kelvin, andε is the coefficient of emissivity.

Small adjustments need to be made to the Stephan-Boltzmann law to account for the

emissivity of lake water, which is only 3% different from a true blackbody. Quantifying

the atmosphere’s downward radiation into the lake, however, is more complicated. Vari-

ations in cloud cover, temperature, and humidity need to be considered (Lallemant et al.,

1996). The coefficient of emissivity for the atmosphere varies as temperature, humidity,

and pressure changes occur, whereas the lake surface remains at a constantε = 0.97.

Heat is lost from a lake surface through the energy transferred by evaporation. The

evaporation rate increases with wind speed (Yu, 2007). The loss of energy from the lake

associated with evaporation is found through considering the energy to be the latent heat

of vaporization. Other sources of heat energy include heat transfer from the surrounding

land and the air immediately above the lake surface through heat conduction. The lake

sediments may add heat to the water column if they are warmer than the water. Likewise,

warmer water will cool down on contact with cooler sediments. Similarly, a warmer sur-

face water will conduct heat into the atmosphere. As the warmer air rises from the lake

surface, a convective process removes heat from the lake’s surface. As wind blows over

the lake surface, it increases heat exchange, a process typically referred to as sensible

heat loss.

2.3.1 The water budget of Lake Kivu

Table 2.1 summarizes the rainwater runoffs and river flows into Lake Kivu, compiled

from literature sources. Rainwater runoff into the surfacewas estimated to be∼2.4 km3
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yr−1 ± 10% (Muvundja, 2010) with an additional 1.3 km3 yr−1 input due to the sub-

surface sources assumed to be primarily in the Goma-Nyiragongo region at the northern

end of the lake (Schmid et al., 2005). Temperatures of the river inflows (Muvundja et al.,

2009) range between 16.5◦C and∼22◦C. Precipitation of∼1.4 m yr−1 (Muvundja et al.,

2009; Muvundja, 2010) at the lake surface (2365 km2) contributes the additional 3.3 km3

yr−1. Evaporation and outflow estimates based on data of the Congolese Hydropower

Company (Muvundja, 2010) from the Ruzizi dam flows and Bergonzini (1998) yield 3.6

km3 yr−1 outflow. This outflow combined with the 3.4 km3 yr−1 evaporation (Muvundja,

2010) account for a total loss of∼7.0 km3 yr−1, leading to an approximately balanced

water budget.

Table 2.1 Water budget, inflow and outflow estimates for Lake Kivu (Tietze, 2000;
Kling et al., 2006; Muvundja et al., 2009).

Water Budget Source/Sink Amount inflow/outflow

Runoff from catchment
2.4 km3 yr−1

(18.0◦C to 23.1◦C)

Precipitation at surface
1.4 m yr−1

→∼3.3 km3 yr−1

Subsurface inflows 1.3 km3 yr−1

Total Water Input: ∼ 7.0 km3 yr−1

Evaporation 3.4 km3 yr−1

Outflow Ruzizi 3.6 km3 yr−1

Total Water Loss: ∼ 7.0 km3 yr−1
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3

Methods

3.1 Sampling and measurements

3.1.1 CTD Profiles

Conductivity Temperature Depth (CTD) profiles were recorded in the water column of

Lake Kivu in January 2011 at multiple locations, and again ata fixed station in February

and October of 2012. Times and locations of the CTD casts are summarized in Table 3.1.

Figure 3.1 provides a visual of the sampling locations overlain onto a map of Lake Kivu.

The locations labeled CTD3–CTD6 are referred to here as the Kibuye transect. CTD1

and CTD7 were taken at approximately the same location in thedeep basin, referred

to here as the Master Station (MS). Profiles labeled CTD8–CTD12 represent the ’near-

shore transect’. The location labeled SF12 is where all 3 of the 9 February, 2012 profiles

and the single 4 October 2012 profile were taken (from the Rwandan Energy Corpora-

tions (REC) platform). A Garmin 60CSx hand-held GPS was usedto record the profile
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locations.

Table 3.1 Table of locations, times, and conditions associated with the profile names in
Figure 3.1

Profile Name Date Time Longitude Latitude Conditions

CTD1 (MS∗) Jan 06, 2011
7h10

29◦12’ 30” E 1◦46’ 60” S

Calm but hazy,
wind waves
picked up at
14h00

CTD2 Jan 06, 2011
17h00

29◦15’ 25.6” E 1◦45’ 32.7” S Calm

CTD3 Jan 07, 2011
7h10

29◦15’ 17.0” E 1◦48’ 19.9” S Calm

CTD4 Jan 07, 2011
8h15

29◦15’ 1.9” E 1◦52’ 49.1” S Calm

CTD5 Jan 07, 2011
9h30

29◦16’ 35.3” E 1◦57’ 36.1” S Calm entering
Kibuye Bay

CTD6 Jan 07, 2011
10h40

29◦19’ 16.4” E 2◦1’ 21.6” S Calm in
Kibuye Bay

CTD7 (MS∗) Jan 08, 2011
13h30

29◦12’ 30” E 1◦46’ 60” S Master Station
Deep Cast

KP1 Jan 07, 2011 29◦14’ 14.9” E 1◦43’ 29.9” S

Location of
Thermistors on
KP1 extraction
plant

CTD8

Jan 09, 2011
16h00–18h00

29◦12’ 56.9” E 1◦45’ 55.4”S
Windy all day on
casts from Master
Station to shore

CTD9 29◦14’ 11.3” E 1◦45’ 17.8” S
CTD10 29◦14’ 56.1” E 1◦45’ 0.2” S
CTD11 29◦15’ 50.1” E 1◦44’ 45.5” S
CTD12 29◦16’ 4.6” E 1◦44’ 37.6” S

PLWS Jan 07, 2011 29◦19’ 51.18” E 2◦4’ 20.4” S

Installation site of
the weather station
on the Contour
Global work-site

SF12
Feb 09, 2012
9h00–14h00 29◦14’ 34.1” E 1◦43’ 55.9” S

REC Platform Feb.
2012 profiling loca-
tion

Oct 04, 2012
∗Profiles taken at what we considered the Master Station (MS).Drifting of the boat during
profiling means the coordinates may differ slightly from those given.
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Figure 3.1: Map of the locations of the 12 CTD profiles taken inJanuary 2011, the 3
profiles from February 2012, and the single profile from October 2012, as well as the
thermistor string at the KP1 methane extraction platform inthe northern part of Lake
Kivu. The location of the PortLog weather station installation site is also indicated
(PLWS).
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Figure 3.2: The Sea and Sun CTD 90M probe used to obtain profiles of temperature,
conductivity, and dissolved oxygen concentration in Lake Kivu.

Conductivity-Temperature-Depth profiles were taken usingthree different CTDs.

Two Sea and Sun profiles (a CTD60 and CTD90M (Figure 3.2)) wereutilized for most

of the profiles, and one profile was obtained using an RBR XRX-420 logger. Sampling

devices were attached to a winch that could either be operated with an electric motor or

by hand (Figure 3.3). Galvanized steel aircraft cable with adiameter of 3/32 in. was

used to attach the CTD to the winch system. Most of the profileswere taken using
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the hand operated setup for the winch for better control of the rate at which the CTD

was lowered. Typical rates for lowering were between 0.7 and0.8 m s−1, resulting in a

resolution of∼8–10 cm based on the response times of the CTD sensors . Depth was

monitored using a Humminbird 858c series GPS/echo-sounder.

Figure 3.3: Picture of the winch used to raise and lower the CTD profiler (primarily by
hand) through the water column in January 2011.

3.1.2 Array of temperature recorders

A string of Onset U22 thermistors (Figure 3.4) was installedon the KP1 methane ex-

traction platform (1◦43’ 56.445” S, 29◦14’ 34.2456” E) on January 9, 2011. A total of

19 thermistors were programmed to record the water temperature at depth intervals of 3
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meters between 6 and 60 meters depth every 20 minutes. The location was chosen for

the convenience of access and security of the equipment. TheU22 thermistors have a

resolution of 0.02◦C, making them capable of measuring the changes in temperature

in the mixolimnion of Lake Kivu. The relatively low accuracy(0.2 ◦C) makes compar-

isons between individual thermistors ambiguous when theirtemperature differences are

smaller than 0.2◦C. Accordingly, corrections were made post deployment. Post deploy-

ment corrections for the 2011 season were performed by Professor Sally MacIntyre and

Javier Vidal (University of California, Santa Barbara).

Figure 3.4: Example of the 19 HOBO Onset U22 temperature loggers used on the ther-
mistor string at the KP1 methane extraction plant in the upper 60 m of the water column.

3.2 Corrections to temperature, conductivity, and pres-

sure

3.2.1 Conductivity corrections

The conductivity recorded by the Sea&Sun CTD is the in-situ conductivity measured at

the in-situ temperature. Conductivity of water, like thoseof most substances, varies as a

function of temperature, so the temperature associated with each conductivity datum is
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essential to correctly compare among different profiles (Smith, 1962). Proper compar-

isons therefore require a common temperature for the profiles, so conductivity data are

commonly adjusted to a fixed temperature. Measurements of conductivity made using

the same CTD in the water column with constant – or at least nearly constant – temper-

ature can be compared without this correction.

A common temperature-conductivity relation is for 18◦C pure water at atmospheric

equilibrium, setting the standard as 1µmho cm−1 (0.8-1·10−6 mhos depending on con-

ditions) (Washburn, 1918; Smith, 1962). The three most commonly used temperature

standards today are 18◦C, 20◦C and 25◦C. The associated conductivities are then re-

ferred to asκ18, κ20 andκ25, respectively. Since some available historical data were

already adjusted to 20◦C (Lorke et al., 2004), the temperature chosen for our profiles

was 20◦C. A linear adjustment of resistivity (the inverse of conductivity) is usually good

enough over small enough temperature ranges, given byR(T) = R0(1+α(T−T0)). Ap-

plying this to conductivity in our profiles, we have adjustedthe conductivity coefficient

of resistivity,α, for water in our temperature range given by the method of Pawlowicz

(2008):

κ20 =
κT

(1+0.0191(T−20))
(3.1)

whereκT is the recorded in situ conductivity, 0.0191
[

1/K
]

is the average value for

the temperature coefficient to correct to 20◦C in waters with the temperature range of

interest, and T is the in-situ temperature in◦C. Similar adjustments are made to correct

to either 18 or 25◦C (Smith, 1962), with the only change made to Equation 3.1 thevalue

of the temperature coefficient for the desired temperature standard.
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All of our profiles were individually corrected. The averageof the profiles was also

computed using Matlab and adjusted to 20◦C. A resolution for the average profile of

0.08 meters was chosen based on the fall rate and sampling frequency of the CTD. Re-

sults of the Sea and Sun CTDs were compared with the single cast of the RBR CTD to

check for consistency.

3.2.2 Salinity and density profiles

Estimations of the salinity are required to calculate waterdensity, which determines the

stability of the water column. The density of the water at a given depth is determined

by its composition and temperature. The density in the upperportion of the water col-

umn in Lake Kivu is governed primarily by temperature and salinity, with gasses having

only minor contributions above the temperature inversion depth. This allows for calcu-

lation of the density by standard methods. The surface waterof Lake Kivu (above 50 m

depth) has relatively low salinity, variations in its density are primarily due to tempera-

ture. Salinity increases the density of the surface water inLake Kivu by about 0.1 g m−3.

Chen and Millero (1986) suggested an empirical expression for the density of water to

a precision of better than 2·10−6 g cm−3:

ρ0(g cm−3) = 0.9998395+6.7914·10−5T −9.0894·10−6T2

+1.0171·10−7T3−1.2846·10−9T4

+1.1592·10−11T5−5.0125·10−14T6

+(8.181·10−4−0.85·10−6T +4.96·10−8T2)S

(3.2)
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Here, T is temperature in◦C and S is salinity in grams of dissolved salts per 1 kg of wa-

ter. Application of Equation 3.2 to the quoted accuracy is valid for waters with a salinity

less than about 0.6 g kg−1 (Chen and Millero, 1986; Wüest et al., 1996). Effects due to

the compressibility of water under pressure were ignored asnegligible in comparison to

the uncertainty in density expected due to increasing concentrations of dissolved gasses

and instrumental accuracy. The salinity profile was estimated from conductivity mea-

surements and is shown in Figure 3.5. Multiplication by a conversion factor of∼1.024

g·kg−1·cm·mS−1 was used to calculate salinity (fromκ20) in the upper 250 m of the

water column. This factor was derived from the first order coefficient resulting from

the method of Wüest et al. (1996) for converting conductivity to salinity. The ionic con-

centrations of Tassi et al. (2009) were used for the calculation of the conversion factor.

Below 250 m depth, the significant increase in the quantity ofdissolved CO2 results in

larger proportions of carbonic acid in comparison to other dissolved substances. This

increase results in a first order conversion factor of∼1.096 g·kg−1·cm·mS−1.

The density of the profile calculated due to the effects of temperature and salinity (Equa-

tion 3.2) is shown in Figure 3.6 and compared to the density profiles of Schmid et al.

(2005).
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Figure 3.5: Approximate salinity of Lake Kivu based on the conductivity profile taken
at the KP1 methane extraction platform. Calculated as described in section 3.2.2. A
comparison with the profile of Schmid et al. (2002) is made forreference. Differences
in the result of CTD7 and Schmid et al. (2002) are accounted for due to the use of only
the first order coefficient as opposed to the entire polynomial of the fitting procedure
described by Wüest et al. (1996).
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Figure 3.6: Approximate density profile in Lake Kivu calculated from the temperature
and salinity profiles of CTD7. Comparisons with the profiles of Schmid et al. (2002) is
made, which account for density contributions from dissolved gasses (CO2 and CH4).
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3.2.3 Pressure to depth conversion

As the CTD records pressure (in dbar) rather than depth, a correction has to be made to

obtain the true depth. To obtain the proper depth from the pressure measurements then

requires using the hydrostatic principle with an accurate density profile:

P(h) =

∫ h

0
ρ(P,S,T, . . .) ·gφ dx (3.3)

where P(h) is the pressure at depthh andρ(P,S,T, . . .) is the density of the water column

at depthh, dependent on Pressure, Salinity, Temperature, and other dissolved substances

(such as the CO2 and CH4 in Kivu). The interdependence of density on pressure and

pressure on density make application of Equation 3.3 difficult. However, under the range

of densities in Lake Kivu of approximately 998 kg m−3 to 1002 kg m−3 (Tietze, 1978;

Schmid et al., 2002), an∼4 kg m−3 difference exists between the surface waters and

bottom waters. This means an∼0.4% maximum error may exist in reported depth by

ignoring density variations. At a depth around 200 m this results in an uncertainty of

±0.8 m, and at 400 m a value of± 1.6 m. An additional uncertainty from the accuracy

of the CTD adds another 0.1% error to the depths (that is another 0.2 m at 200 m depth),

for a total of±1–2 m depending on depth in the water column.

As in-situ measurements of density were not made, other methods need to be applied

to obtain the depth. A common approximation used to convert pressure to depth is

made using a correction factor: multiplying the pressure indbars by 1.0197 (i.e. a

1.97% adjustment) (Fofonoff and Millard Jr., 1983). This approximation works well

when the assumption of relatively low salinity (i.e. a nearly constant density of∼1000

kg m−3) and mid-latitude lakes near sea level can be made. As the water density of Lake
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Kivu is not uniformly 1000 kg m−3, adjustments are needed, as well as adjustments to

the local gravitational field strength, gφ . Variations in gφ closer to the equator and at

higher elevations are made by considering the Earth to be a rotating oblate ellipsoid and

applying a free-air correction for elevation. The resulting expression for g is given by

the 1967 Geodetic Reference System:

gφ = g0
[

(1+α sin2φ −β sin22 ·φ)− γ ·h
]

[
m
s2 ] (3.4)

whereg0 = 9.78031846 m s−2, α = 0.0053024,β = 0.0000058, andγ = 3.155×10−7.

Applying Equation 3.4 gives a value forg at the altitude and latitude of Lake Kivu

(taken to be 2◦S) to be approximately 9.77 m s−2. To obtain a better factor for the

pressure dependent depth conversion then requires application of Equation 3.3 with the

assumption of an average water column density,ρ , the depth is then given by:

d =
P [dbar] ·104

ρ ·gφ
[m] (3.5)

Applying Equation 3.5 to Lake Kivu results in a conversion factor of∼ 2.34%, which

was used instead of 1.97%. An additional minor correction for pressure used in oceanog-

raphy is to add an additional 1.092·10−6·P to Equation 3.5 to account for the compress-

ibility of water (Fofonoff and Millard Jr., 1983). As the magnitude of such a correction

is smaller than the expected uncertainty in depth, such a correction has not been used in

calculating the depths of our profiles.
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3.3 Heat fluxes across the lake surface

Heat exchange across the free surface of a lake consists of solar radiation flux (Qs), in-

coming thermal radiation from the atmosphere (QLin), outgoing thermal radiation from

the lake surface (QLout), sensible and latent heat fluxes (Qc and Qe), and heat input from

precipitation (Qp). The total heat budget (QT) is then:

QT = Qs + QLin + QLout + Qc + Qe + Qp

An annually balanced budget would mean a seasonally averaged QT of 0 W m−2.

3.3.1 Heat loss due to evaporation

The amount of heat removed from the lake surface by evaporation can be calculated

from the specific latent heat of vaporization:

Qe = LH2Oρsurface·Ve (3.6)

where LH2O is the latent heat of vaporization for water,ρ is the density of surface water,

and Ve is the volume of evaporated water. Quantities used for Ve are based on past

estimations of the water budget (Table 2.1).
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3.3.2 Long-wave thermal radiation heat fluxes

Thermal radiation energy lost from the lake surface were calculated for typical water sur-

face temperatures of Lake Kivu using the Stephan-Boltzmannequation for gray-bodies1:

QLout = εσT4 (3.7)

whereε is the greyness coefficient (emissivity) for the emitting surface,σ is the Stephan-

Boltzmann constant, 5.67· 10−4 W m2 K−4, and T is the absolute temperature (i.e. in

Kelvin) of the emitting body. Radiation is considered “long-wave” if it falls between

visible light and microwaves, having a wavelength typically between 5 and 25µm. For

the long-wave radiation energy loss,εH2O is taken to be 0.97 (Warnecke et al., 1971).

This is the standard value for liquid water (Robinson and Davies, 1972; Davies et al.,

1971; Muvundja, 2010).

For the thermal radiation received by the lake from atmospheric emissions, the emis-

sivity coefficient,εair, is more difficult to estimate, as the atmosphere is a gas where both

temperature and pressure effects are important toεair (Swinbank, 1963; Jiménez et al.,

1987). The radiation in air does not come from a surface, as ina liquid or solid, but

rather from gas molecules, water droplets, and aerosols at various altitudes and temper-

atures throughout the atmosphere above the lake surface (Staley and Jurica, 1972). The

temperature for the atmosphere’s emission is taken as the temperature at approximately

2 meters above the water surface. The long-wave radiative transfer from the air to the

water surface (Imberger and Patterson, 1981) is then:

1A gray body radiates with a similar spectrum to a blackbody, but the total radiated energy is reduced
by some factor of emissivity based on its composition.
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QLin = εairσ T4
air2

· (1+0.17β 2) · (1−Rt(lw)) (3.8)

where Tair2
is the air temperature [K],β is the fractional cloud cover, Rt(lw) is the total

reflectivity of the water surface for long-wave radiation. The emissivity of the air,εair, is

temperature dependent. It also depends on the partial pressure of the water vapor in the

air. An alternative to using the partial vapor pressures under the conditions of varying

humidity is to use an approximation forεair (Swinbank, 1963) that uses a dimensional

empirical coefficient, Cε , (in units of◦C−2) and thus makes the emissivity of air directly

proportional to temperature squared. The dimensional empirical coefficient depends on

several factors, however, in practice is typically taken tobe an average value for the as-

sociated range. Jacquet (1983) gives a range for Cε of 0.906·10−5 to 0.999·10−5 ◦C−2

while Blanc (1985) gives a mean value of 0.938·10−5 ◦C−2. In the estimates made from

our data, the average value of 0.938·10−5 ◦C−2 was used. The effective emissivity is

then:

εair = CεT2
air2

(3.9)

For the temperature of the air near Lake Kivu’s surface, equation 3.9 results in a value

of εair = ∼0.80 at the current average air temperatures of 19◦C (Schmid et al., 2012;

Sarmento et al., 2006).
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3.3.3 Heat flux due to sensible radiation

The sensible heat loss caused by the air convection, wind, and heat conduction to the air

from the lake surface can be found using the model of Imbergerand Patterson (1981),

in which heat losses are proportional to the wind speed 10 m above the water surface:

Qc = CScpair ρair u10m

(

Tairr −Twater
)

(3.10)

Here,

CS is the stability dependent bulk coefficient of sensible heattransfer,

cpair is the specific heat capacity of air at constant pressure,

ρair is the density of air – taken to be 1.2 kg m−3,

u10m is the wind speed at 10 m above the surface,

Tairr is the dry bulb temperature of air at the water-air interface

above the water surface,

and Twateris the surface water temperature.

CS is taken to be 1.4·10−3, and the specific heat capacity of air is approximately 1003 J

kg−1 K−1 near the surface air temperatures.

3.3.4 Solar radiation contributions to the heat budget

The shortwave solar radiation heat fluxes received at the lake surface were calculated

based on a running 19-year average of 24-hour mean Global Horizontal Irradiance (GHI)

data available on the SolarGIS database (http://solargis.info/imaps). The values
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available were reported as the region averages in kWh·m−2. These values were con-

verted to W·m−2 by simply dividing by 24 hours. GHI accounts for the total amount of

shortwave radiation received by a horizontal surface near the ground – including both

direct normal irradiance and diffusive shortwave horizontal irradiance due to dispersion

by clouds. Here, shortwave refers to the near infra-red, visible light, and near ultra-

violet radiation region of the electromagnetic spectrum, ranging from 200 nm to 3000

nm. Incoming solar radiation is taken to be mostly in this range, as the Sun emits mostly

shortwave radiation.

3.4 Meteorological data

We installed a PortLog portable weather station on top of a storage container located on

the Contour Global work site (Figure 3.7 and 3.1) to collect basic meteorological data,

such as temperature and wind speed throughout the seasons. Data collected included am-

bient temperature, relative humidity, average and maximumwind speed, rainfall, baro-

metric pressure, and solar radiation. The device was programmed to take measurements

every 60 minutes. Unfortunately, when the storage device became completely filled

with data, the data became corrupt. As a result of this failure, the wind speed data and

temperature averages were obtained instead from the information available online. The

information came mainly from the nearby weather observation systems based at airports

away from the lake shore and higher than 10-meters above the lake surface.
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3.5 Dissolved gas measurements in silicone tubing

Silicone tubing samplers were designed to measure the partial pressures of the dissolved

gases in Lake Kivu. The design was based on a saturated soil sampler (Klefoth et al.,

2011; Jacinthe and Dick, 1996) and the pressure measurementtechnique used by Evans et al.

(1993) for determining the CO2 concentrations in Lake Nyos, Cameroon. Samplers con-

sisted of lengths of silicone tubing of outer diameters: 4 and 7 mm (Figure 3.9). The 4

mm OD tubing had 1 mm sidewall thickness; whereas the 7 mm OD tubing had 1.5 mm

sidewall thickness. The ends of the tubing were cleaned withisopropanol and allowed

to air dry. Once dried, one end was plugged with fresh silicone and allowed to cure.

The other end was then capped with a luer 3-way stopcock that permitted a syringe to

be connected to collect the accumulated gases. The samplerswere tested in lab using a

pressure chamber and a CO2 source. The CO2 pressure in the chamber was controlled

at the gas cylinder’s pressure regulator valve and verified by the pressure gauge installed

on the chamber (Figure 3.8). The samplers were submerged in water within the chamber

and the water allowed to saturate with the gas at known pressure via gentle shaking of

the chamber every few minutes to dissolve the CO2 gas into the water. The silicone

walls of the tubing allowed the gas to diffuse inside until the gas phase inside the tubing

was in equilibrium with the dissolved gas in the ambient water.
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Figure 3.7: PortLog portable weather station installed near Kibuye, Rwanda.
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Figure 3.8: Pressure chamber and gauge used in calibrating the silicone tubing gas pres-
sure samplers (Figure 3.9).

Deployment of the samplers in Lake Kivu was performed by attaching the silicone

tubes to a 3.5 mm nylon cord with a quick release loop. Additionally, a zip tie was

looped through the samplers at each loop to secure the tubingto the cord while ensuring

that the connection was not tight enough to result in compression of the tubing as gases

expanded during retrieval. The luer locks were tied shut to prevent their opening while

being lifted back up through the water column. Syringes wereinstalled on the threaded

port to the luer locks and the locks opened as soon as possibleonce on deck to allow the

pressure from the expanded gas inside the tube to force the syringe plunger out. Once

the syringes had expanded completely their plunger displacements were recorded. Sam-

ples of the gas were also taken in septum capped vials for analysis.

Initial deployment in Lake Kivu consisted of four tubes deployed at 60 m depth for
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Figure 3.9: Silicone rubber tubing gas samplers used to measure partial gas pressures in
Lake Kivu

1.5 hours on January 5, 2011. Upon recovery, it was found thatnot enough gas had

diffused into the tubing to be measurable with a 20 ml syringe. On January 6, the tubing

was deployed for 2.5 hours (8h40 to 11h10) at 70 m depth. Unfortunately, the valves

had opened up while being lifted through the water column andthe captured gas escaped.

The tubes were redeployed at 11h25 at 80 meters but had to be recovered shortly after-

wards due to high wind, and no gas was collected. On January 8,tubes were deployed at

depths of 80 meters, 110 meters and 140 meters, with three replicate tubes at each depth.

Again, strong winds prevented lengthy deployment (13h55 to14h20) and high drag an-

gle meant the tubes were not as deep in the water as measured bythe cord length. The

reported depth has been corrected for this error as best as possible. Not enough gas was

collected to push the syringe plungers out for measurements. Nevertheless, hissing was

heard, indicating both that gas was being released from the tubing, and that the tubes
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were deep enough to allow the dissolved gas to diffuse and accumulate inside. Finally,

on January 9, the tubings were deployed for 35 minutes. Despite the wind, the average

rope angle allowed for estimation of the deployment depths at 122 meters, 130 meters,

and 138 meters. Physically measurable quantities of gas were obtained from the tubing

upon recovery.

3.6 Simulation of a limnic eruption in lab

Several approaches were used to simulate the limnic eruption process on a small scale.

A large beaker was filled three-fourths full with tap water at20 ◦C. The bottom fourth

of the beaker was slowly filled through polyethylene tubing with water at 6◦C, which

was enriched with CO2 in a bubble-chamber (Figure 3.10) immersed in an ice bath. A

syringe with a long narrow needle was then filled with near boiling water, which was

injected into the cold bottom waters in an attempt to stimulate an eruption by gas exso-

lution. In separate experiments, the cold CO2-rich water was made saline to increase the

density gradient. Additionally, several trials used surface water at 75◦C for the same

purpose.
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Figure 3.10: Image of the bubble chamber created to dissolveCO2 into the water prior
to drip-feeding the water into the lower layer of the beaker or the narrow tube which
replaced the beaker

In a separate set of experiments, the 25-cm tall beaker and the bubble chamber were

replaced by an 80-cm tall narrow plastic tube (see Figure 3.11). The cylindrical water

column could be capped to slightly increase the pressure forbetter CO2 dissolution. A

tightly fitting closed-cell foam cap was fit to the tube to maintain an increased pressure

as water was fed into the bottom of the column. Large quantities of salt were used in the

CO2 rich water to increase the density gradient. After several trials with this system, a

modification was made whereby, once the CO2 siphon was started, the cool water could

be fed by gravity through a small hole in the bottom of the cylinder without having to

pass through the warm upper water (see Figure 3.12). Variouseruption triggers to bring

CO2 out of solution were tried that included injecting boiling water into the lowest water

layer, initially through a small hole in the CO2 water supply line and then by carefully

removing the supply line and replacing it with a hot water inflow. In a different approach

based on the diet-coke menthos reaction, salt, sand, and sugar substitutes were mixed
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in a beaker with water and left to dry. Once dry, the mixture was broken up into small

conglomerate chunks that were subsequently dropped into the water column.
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Figure 3.11: View of the bottom half of the tall narrower cylinder used to replace the
beaker initially used in attempts to create a small scale limnic eruption.
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(a) (b)

Figure 3.12: View of the bottom inflow created in the tall tubeof Figure 3.11 before
(a) and after (b) the cool salty CO2 water was carefully injected underneath the high
column of warm tap water. In the lower left of the cylinder is the injection point where
polypropylene tubing entered through a hole and was piercedby a syringe to inject the
near boiling tap water to attempt to produce a limnic eruption within the tall cylinder.
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4

Results

4.1 Temperature distributions in the water column

Profiles of temperature obtained from the CTD casts in January 2011 are shown in Fig-

ures 4.1 – 4.5. Figures 4.4 and 4.5 correspond to the Master Station, Figure 4.1 corre-

sponds to the long transect to Kibuye, and Figure 4.2 to the short transect between the

Master Station and the shore (see Figure 3.1).

4.1.1 Temperature profile inversion

All profiles show the inversion in the temperature profile at around 78 meters depth.

Between the surface and 78 m depth, the temperature decreases with depth, following a

typical pattern in stratified lakes. Below 78 m, the temperature increases.
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4.1.2 Positions of thermoclines

Temperature variations below 78 m depth indicate a step-like stratification: regions of

strong temperature gradients are inter-spaced with regions of weak gradients. Our pro-

files do not extend all the way to the lake floor; however, a gradual temperature increase

is assumed to continue past the deepest temperature measurement (26.01◦C at 417.9 m)

in the profile of CTD7 (deepest) to the lake floor. The first strong gradient, between∼

170 and 202 m, is referred to here as the upper thermocline. The temperature increases

gradually down to a depth of∼ 250 m, at which depth the largest change (sharpest gra-

dient) exists at the primary thermocline, having an∼ 1.0◦C temperature increase occur

over∼ 12 m (down to 262 m depth). Another gradual increase occurs down to 300

m, followed by the second strongest gradient at the lower thermocline with∼ 0.5 ◦C

increase from 301 to 331 m depth. A small thermocline below the lower thermocline of

0.23◦C increase exists between 368.5 and 403 m depth.

The positions of the thermoclines coincide with the salinity (density) gradients. Their

positions are summarized in Table 4.1.

Table 4.1 Depths of the major pycnoclines in Lake Kivu

Pycnocline
Depth Temperature Change Temperature Gradient

m ◦C ◦C m−1

Upper 170–202 0.4 0.0125
Primary 250–262 1.0 0.083
Lower 301–331 0.5 0.017
Deep 368–403 0.23 0.007
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4.2 Lateral variability in temperature distributions

Small lateral variations exist in the temperature profiles when compared across the lake.

Lateral variability in the depth region between the seasonal thermocline (∼ 35-40 m

depth) and the temperature inversion depth is on the order of0.01 ◦C (Figure 4.3),

whereas in the region between the inversion and 120 m depth itis on the order of 0.005

◦C. Between 120 m and the upper pycnocline, profiles taken at different locations can

vary by∼ 0.01 ◦C. This variability is determined based on the standard deviation of

the Kibuye transect temperature profiles (Figure 4.3), and likely can be considered as a

measure of the natural variability in the lake.

4.2.1 Inflows

The profiles taken at the Master Station (CTD1 and CTD7 in 2011) and at the REC

platform (SF12 and Oct12 in 2012) show several prominent negative excursion in tem-

perature. One of these negative excursions appears near 90 mdepth. Another negative

excursion in temperature appears in CTD1, CTD7, and CTD8 (the closest profile on the

Near Shore transect to the MS) and the 2012 profiles at the upper boundary of the pri-

mary pycnocline (at∼248 m). Negative excursions that appear in only the profiles taken

at the REC platform in 2012 appear at 160 m, 170 m, and 284 m in February and at 125

m, 165 m, 170 m, 230 m, 294 m, and 298 m in October (Figure 4.9). These features

do not appear in the other CTD profiles; however, the near shore transect profiles do not

go into the deeper waters to observe the negative excursionsin temperature that were

detected in the 2012 profiles. Most of these negative excursions are assumed to be due

to subsurface inflows near these depths. However, the signalat 90 m is related to the
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Kibuye Power 1 (KP1) re-injection plume, as the re-injection depth of KP1 is∼90-95

m, which produces a plume from∼ 93 to 109 m as it disperses to its isopycnal depth

(Pasche et al., 2010).

The temperature of the signal at 248 m cooled by 0.085◦C between January 2011

and February 2012, and warmed by 0.022◦C by early October 2012. However, as the

2011 and 2012 profiling locations differ, and because the other profiling locations do not

show these features, the variation in the temperature of the248 m inflow are assumed

due to changes in the plume’s temperature as it moves across the lake in the process of

settling to its isopycnal depth. The less prominent negative excursion in temperature

appearing in the temperature profile from CTD7 near 170 m depth appears in both the

February and October 2012 profiles as well; however, insteada single excursion as in

CTD7, it appears as two separate excursions (at 163 and 170 m). These two inflows

likely combine to form a larger single plume further from thesource, as CTD7 is further

from the shoreline.
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Figure 4.1: Temperature profiles taken during the morning of7 January, 2011 on the
transect to Kibuye (CTD3–CTD6) (Figure 3.1). The insets zoom in on the regions where
larger variability is seen.
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Figure 4.2: Temperature profiles measured on January 9, 2011between 16h00 and
18h00 on a transect from the Master Station towards shore. Weather conditions were
windy and overcast all day.
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Figure 4.3: Standard deviation for temperature at a given depth, calculated from the
profiles of the Kibuye Transect, 7 January, 2011.
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4.3 Temporal variability in the temperature profiles

4.3.1 Variability within the mixolimnion

Diurnal temperature variations in the uppermost 20–25 meters of the water column

caused by the daytime absorption of solar radiation and nighttime wind and cooling

can be seen in Figure 4.6, where CTD1 corresponds to the morning of January 6, CTD2

to the early evening of January 6, CTD3–CTD6 were taken the following morning, and

CTD7 the next afternoon. The temperature profile obtained from CTD1 reveals a tem-

porary thermocline at∼13 m depth. Analysis of the temperature of the upper 25 m

of the water column from CTD2 reveals warming of the waters and the formation of

another temporary thermocline near 8 m depth between the morning cast of CTD1 and

the evening cast of CTD2. Temperature profiles obtained fromCTD3 and CTD4 show

that winds overnight on January 6 mixed the water column to 25m depth, destroying

the two temporary thermoclines. Calm conditions over the course of January 7 and 8

caused warming of the waters in the upper 12 m of the water column and the formation

of another temporary thermocline is seen deepening as time progressed through January

8 (CTD7 at the Master Station). Diurnal variation is also seen in Figure 4.8 in the plot

of temperatures obtained from the thermistors nearest the surface.

47



23 23.5 24 24.5 25 25.5 26 26.5

0

50

100

150

200

250

300

350

400

450

Temperature [oC]

D
ep

th
 [m

]

23.8 24 24.2

230

240

250

260

270
 

 

Jan. 6

Jan. 8

Figure 4.4: Temperature profiles taken during late morning on 6 January 2011 and early
afternoon on 8 January 2011 at the Master Station. The inset zooms in on the region
near the top of the primary pycnocline.

On a seasonal time scale, the temperature time series recorded by the moored array

of temperature recorders are shown in Figures 4.7 and 4.8. Figure 4.8 shows the indi-

vidual thermistor temperature profiles, which reveal the year-round warming of waters

within 20 m of the current inversion depth, while Figure 4.7 shows the corrected 2011

temperature-depth contour series. The thermistors’ data only cover the upper 60 m of

the water column for most of the year 2011, from mid-January to late November. The
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Figure 4.5: Temperature profiles taken during late morning on 6 January 2011 and early
afternoon on 8 January 2011 at the Master Station. The inset zooms in on the region
surrounding the temperature profile inversion.
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Figure 4.6: Comparison of CTD profiles in the uppermost 25 meters of the water column
over a three-day period. Variation in temperature due to surface weather patterns is
evident over short time periods.
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results show that the temperatures in the mixolimnion became homogenized down to

about 45-50 meters near the end of the dry season in late August. Several shallower

mixing events occurred in April and October of 2011 that mixed the water column down

to the 35 m seasonal thermocline. All mixing events were shallower than the depth of

the temperature inversion, which in January 2011 was at 78.3± 0.97 m at 23.08◦C

(Figures 4.1,4.2, and 4.3).

Figure 4.7: 2011 time series of temperatures in the upper 60 meters recorded at KP1
methane extraction platform in the northwest section of Lake Kivu using Onset HOBO
U22 logging thermistors.

4.3.2 Temperature variability in the deep waters

Comparison of the deep profiles taken in January 2011 (CTD1 and CTD7) and those

in 2012 at the end of the dry season (early October) and duringthe wet season (early

February) reveal small variations in the temperature of deep waters (Figure 4.9). The

region at 285 m depth (between the lower and primary pycnoclines) cooled by 0.041◦C

from January 2011 to February 2012, and subsequently warmedby 0.018◦C by October

2012. This variability is likely due to differences in the location of the sampling, as the

January 2011 Master Station profile was at a different station than the 2012 profiles, and
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Figure 4.8: January – November 2011 temperature versus timeprofiles for individual
Onset U22 thermistors.

the 2012 profiles revealed inflows in this region that were notpresent at the Master Sta-

tion. Comparisons of temperature profiles below 340 m reveala similar warming trend

of 0.0079◦C near 355 meters (see inset of Figure 4.9) from January 2011 to February

2012 (i.e. 0.0073◦C per year). Between February and October 2012, warming at the

same depth was∼0.059◦C, equivalent to 0.0078◦C per year when extrapolated at the

same rate. Based on comparisons of CTD7 and the February 2012temperature profiles,

depth variations on the order of 2.5 to 3 meters exists in the primary pycnocline.

4.4 Conductivity distribution in Lake Kivu

Conductivity measurements made in January 2011 are shown inFigure 4.11. All the

profiles show a nearly constant conductivity between the surface and about 45 – 50 m
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ary 2012 and October 2012. Insets zoom in on the region near 350 m depth and the
temperature inversion near 80 m depth.
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depth, below which the conductivity increases. All profilesshow a significant increase

in conductivity (1.17 mS cm−1 to 1.20 mS cm−1) between 55 m and 125 m, defining

the uppermost permanent density gradient in Lake Kivu. A smaller change from 2.70

mS cm−1 to 3.12 mS cm−1, occurs at the upper chemocline (Table 4.1). The largest

increase (3.21 mS cm−1 to 4.78 mS cm−1) occurs at the primary chemocline (250 m

depth). An increase in conductivity from 4.99 mS cm−1 to 5.45 mS cm−1 occurs at the

lower chemocline. Between these regions of sharp conductivity gradients (the pycno-

clines), conductivity continually increases with depth, but at a much slower rate.

4.4.1 Spatial variability in water column conductivity

Small lateral variations exist in the conductivity profiles. The largest deviations occur

along the strong gradients (Table 4.1), based on the standard deviation of all the Jan-

uary 2011 profiles (Figure 4.10). At the upper boundary of theprimary chemocline,

conductivity at a given depth varies by∼0.1 mS cm−1. The upper chemocline had a

deviation of∼ 0.04 mS cm−1, and the lower∼ 0.05 mS cm−1. However, the devia-

tion in the lower chemocline is based on only two deep profiles(CTD1 and CTD7). In

regions between pycnoclines, variations of conductivity are less than 0.01 mS cm−1,

which is on the order of the accuracy of the conductivity probe and thus considered as

a minimal natural variability of the water (possibly due to the effects of temperature on

the measurement device). Deviations near the depth of the temperature inversion were

on the order of 0.04 mS cm−1, similar to the deviations in the upper chemocline. As

the regions of larger variability correspond to the depths of the pycnoclines, as did the
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variability in temperature, the variability in the conductivity is assumed due to internal

waves. Variability in conductivity between near shore profiles versus offshore profiles

near the depths of sub-surface inflows is assumed due to the respective plumes mixing

into the water.
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Figure 4.10: Standard deviation for conductivity at a givendepth, calculated from all
January 2011 profiles.
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4.4.2 Temporal variability in water column conductivity

Comparison of the January 2011 and February 2012 profiles (Figure 4.11) indicates that

conductivity profiles exhibited minor variability from oneyear to the next in the upper

170 m. Increases in conductivity were on the order of at least0.025 mS cm−1 through

most of the water column. This observed increase is likely due to instrumental differ-

ences, as the February 2012 profiles were obtained with a different model probe using

the same style sensor. However, a decrease in conductivity on the order of 0.005 mS

cm−1 appears above the seasonal thermocline, as well as between the lower boundary

of the primary chemocline and upper boundary of the lower chemocline (∼ 268 m to

301 m depth). These slight decreases are likely due to a combination of internal waves,

slight differences in location, and the effects of sub-surface inflows near the shoreline

which are more evident in profiles from the REC platform than the Master Station (see

Section 4.2.1). The larger differences between the February 2012 and January 2011 con-

ductivity profiles that appear in the left panel of Figure 4.11 at depths between∼50 and

120 m, in the primary chemocline (250–262 m), and within the lower chemocline (from

308–320) are assumed due to the effects of internal waves.
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Figure 4.11: Conductivity profiles measured at the Master Station on January 8, 2011
and at the REC platform on February 9, 2012 and October, 2012.The left panel shows
the difference between the February 2012 and the January 2011 profiles.

4.5 Oxygen distributions in the water column

Oxygen profiles measured in January 2011 and in February and October of 2012 are

shown in Figure 4.12. Due to the reaction of hydrogen sulfide with the oxygen sensor,

the signals increase below the depth where H2S is first present (∼150 m). Apparent lack
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of saturation in waters 30 m and shallower in February 2012 iscaused by a combination

of warmer surface water than in January 2011 and a poorly calibrated sensor on a differ-

ent CTD. Oxygen penetration depth was approximately 50 m in January 2011 (i.e. at the

upper boundary of the mixed layer). Due to the poorly calibrated sensor used to obtain

the February 2012 oxygen profile, the measurement never reaches zero saturation, but

saturation depth was taken to be the minimum reading at∼67 m depth. The oxygen

profiles have a strong gradient (an oxycline) at the depth of the seasonal thermocline (∼

30–35 m in January 2011). Lack of agreement in the depths of the oxycline between the

two January profiles is due a combination internal waves and the CTD being lowered

at different rates during the profiling casts, resulting in differing lag times in oxygen

readings between the casts.

4.6 Gas pressure measurements with silicone tubing

4.6.1 Calibration of silicone tubing

Gas expansion volumes obtained from the silicone tube samplers in calibration experi-

ments in the pressure chamber and the associated chamber pressure (and estimated CO2

concentrations in the water) are summarized in Figure 4.13.

The graph indicates a roughly linear relationship between the volume of CO2 ex-

panded from tubing into the connected syringes and the concentration of CO2 in the

water, in agreement with an isothermal expansion of the gas within the tubing. Differ-

ences in the expansion measured versus that predicted by a true isothermal expansion

are due to the friction in the stiffness of the syringe plunger. The linear relationship of
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Figure 4.12: Oxygen profiles from the Master Station (January 2011) and from the KP1
platform (February 2012).

volume to CO2 concentration for the wider diameter samplers yields the approximations:

Concentration of CO2
[

mol
L

]

= 0.0139·V−0.0577mol
L

Partial CO2 pressure [dbar]= 0.497·V−2.056dbar

where V is the measured volume expanded into the syringes andthe 0.1176 mol L−1

correction is related to the volume of the tubing filled at atmospheric pressure.
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4.6.2 Field measurements of gas pressures

Measurements of gas pressures in Lake Kivu were made using a limited number of

calibrated samplers (built before the calibration experiments done in lab) and several

more that were constructed in the field. As a limited number ofcalibrated syringes were

available at the time of measurements, additional syringesof a different size were also

used. Their plungers could respond slightly different to gas pressures than in calibrated

syringes; an uncertainty in the gas volumes measured in themis estimated to be± 5 ml.

Calibrated devices were used at two of the three sampling depths.

There was one successful deployment, for 35 minutes, as described above (Sec-

tion 3.5). Wind and boat drift resulted in an uncertainty of∼30% in the deployment

depth due to the angle of the deployment cord. Estimates of the partial gas pressures

based on the calibration data for the tubing are listed in Table 4.2.
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Table 4.2 Gas pressures in Lake Kivu from 35 minute silicone tubing gas sampler de-
ployment on 9 January, 2011

Approximate Depth Estimated Pressure Syringe Volumes
m dbar MPa ml

122 -.81± 20 -0.0018 2.5, 2.5, 2.6
130 1.03± 18 0.010 5.5, 6.2, 7
138 7.39± 18 0.074 17.5, 18, 22

Figure 4.14 shows these pressures overlain onto the partialpressures calculated in

Schmid et al. (2002).
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Figure 4.13: Calibration of 4 mm ID/7 mm OD silicone tubes from expansion volumes
measured while using the pressure chamber with CO2 saturated water. The vertical axes
show gas pressure above the water and the estimated molar concentrations of CO2 in the
water.
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Figure 4.14: Overlay of the fitting results for the silicone tube gas samplers’ estimated
pressures onto the partial pressures of Figure 5 produced bySchmid et al. (2002).

63



4.7 Limnic eruptions in lab

Attempts to simulate a limnic eruption in lab were unsuccessful. Bubbles produced

by all approaches were limited in size and quantity, and no sustained exsolution was

achieved. The setup which had bubbles sustained the longestconsisted of having small

pieces of a conglomerate of sand, salt, aspartame, and saccharine (which were obtained

by allowing water to evaporate from a solution of these constituents to form a solid con-

glomerate) to provide bubble nucleation surface. Data for the concentrations of solutes

used for each water layer in the experimental setup can be found in Table 4.3.
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Table 4.3 Summary of attempts to create a limnic eruption in lab using CO2 as a gas source.
Salt Water Tap Water Trigger Reaction Results

0.87L @ 7◦C 1.76 L @ 40◦C
Injection of near boil-
ing water

Minor Bubbles at injection
end of needle

2.2 L with 14.7g NaCl/L,
1.8g Aspartame,
0.5g Saccharine

2.5 L @ 8◦C
Injection of near boil-
ing water

Minor Bubbling from needle
tip again

2 L with 45 g/L NaCl,
3 g Aspartame,
0.8g Saccharine

2.7 L @10◦C
Injection of near boil-
ing water

Minor Bubbling from needle
tip again

2.1 L with 40g/L NaCl,
3g Aspartame,
0.8g Saccharine

2.6 L @10◦C

Salt, sand, and false-
sugar conglomerate
dropped in from
surface

Continued bubbles (small) for
several minutes off of the par-
ticulate pieces. No eruption
event

Several other similar trials were made, varying quantitiesof salt, aspartame, and sand in the conglom-
erates and dissolved in the water, all with the same general results of minor bubbling.
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5

Discussion

5.1 The existence of a temperature inversion

As a water column which has an inversion in its temperature profile like that of Lake

Kivu’s is highly unlikely to exist from its initial formation, at some time in the past

an event or series of events must have occurred to cause the gradual development of

the current stratification structure. An explanation for this anomalous development may

be that at some time in the past the water column was homogeneous (in both tempera-

ture and chemical makeup), but then underwent a gradual change due to the properties

of the basin in the rift system where the lake resides that lead to its current stratifi-

cation state. Due to such effects of the geological composition of the volcanic basin

and/or some form of sub-surface springs feeding the deep water, the gradual formation

of various density gradients resulted; this is evidenced inthe existence of both halo-

clines and chemoclines (a result of CO2 and CH4 dissolved into the water). As the

density increased in the deeper water due to the effects of the increasing concentrations
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of these dissolved substances, warmer deep temperatures became possible and deep heat-

ing gradually occurred (as it continues today), while cooler fresh water sources closer

to the surface (possibly combined with a very cool and windy period of time) helped

to maintain a cooler mixolimnion. As air temperatures gradually increased and winds

became less intense, the surface waters likely began to gradually warm as well, resulting

in an increase in downward diffusion of heat. Due to the way the salinity of the water

column increases with depth, however, the integration of the increasing heat content in

the uppermost surface layer into deeper waters via downwarddiffusion of heat through

the water column has been limited to the mixed layer of surface water above the first

salinity gradient. As time progressed, the chemical makeupof the water column com-

bined with the heat diffusing upward from the deep water and downward from the mixed

layer caused a minimum temperature depth to form. The temperature inversion became

more distinguished as a result of the continual warming occurring in the deep waters

and the possibility that some of the heat at this temperatureminimum was occasionally

removed as a result of episodic mixing events to the temperature inversion depth dur-

ing drier and windier seasons. As atmospheric downward radiation increased due to

regional air temperatures increasing, surface waters began warming at faster rates; this

resulted in a deepening of the temperature inversion due to the increase in downward

heat fluxes. The deepening of the temperature inversion subsequently made mixing to

its depth more difficult and thus made it increasingly more distinguished. Due to the ef-

fects of deepening of the temperature inversion and increases in downward heat fluxes,

upward fluxes of heat may gradually be reduced to result in an increased warming rate

in the deep water and the current temperature profile of the water column.
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As current surface temperatures are warming faster than deep temperatures, the grad-

ual deepening of the temperature inversion will likely continue. Over time this may work

towards eroding the existing temperature gradients and could potentially bring the water

column to a nearly homogenized temperature. As this happens, the heat accumulation

in the deep water may be more easily removed to the surface andcould cause cooling

of the water column to occur. Alternatively, cooling would result if a mixing event were

to happen due to a disturbance of the deep water that would cause gases to be released

from the deep water (as happened in Cameroon). Such an event would also homogenize

the water column and the process of the formation of the various pycnoclines would

slowly begin all over again.

5.2 Comparisons of historical temperature distributions

in the water column

Temperatures throughout the water column in Lake Kivu have risen since initial inves-

tigations in the 1930’s and 1970’s. The current temperatureprofiles (Figure 4.9) are

compared against the available historical profiles in Figures 5.2 and 5.4. Temperatures

near the depth of the temperature inversion have risen by approximately 1◦C since the

1930’s, and by 0.5◦C since the 1970’s (i.e.∼0.14◦C per decade). A single temperature

measurement in the deep water near 370 m depth in the 1930’s (Damas, 1937) suggests

warming in the deep monimolimnion on the order of 0.7 to 0.8◦C. The early temperature

measurements, however, may not be accurate due to the techniques used. Warming near

370 m depth based on a comparison with Tietze (1978) is on the order of 0.15◦C since
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the 1970’s (i.e. 0.04◦C per decade). At the upper boundary of the primary thermocline,

near 250 m depth, warming since the 1970’s is on the order of 0.25 ◦C.

Possible causes for the warming trend include: increasing air temperatures, increas-

ing humidity (i.e. a decrease in evaporative cooling), decreasing wind speed, changes

in the flow rate or temperature of subsurface inflows, and increasing concentrations of

gases. Heating contributions from gases may result from exothermic methanogenic pro-

cesses as microbes convert CO2 gas into methane and from the heat of dissolution. To

verify this possibility, accurate methods for measuring the concentrations of dissolved

gas in the deep water are needed. Current methods suffer froma combination of the in-

ability to measure concentrations in a timely manner, requiring nearly 1 hour for a single

in-situ depth measurement (due primarily to the high concentrations of CH4), and poor

accuracy due to expansion and loss of gas as water samples areretrieved. The accuracy

of historical measurements is thus may a significant factor in the calculations as well

(see Table 5.1 for previous measurement techniques and Figure 5.1 for available con-

centrations from these measurements). Measurements of dissolved methane increases

between the 1970’s and early 2000’s are suggested to be around 15% in waters below

250 m Pasche et al. (2011), which is∼3mmol l−1. Deuser et al. (1973) gives the heat

release from CH4 formation to be 60 kcal mol−1. With a 3 mmol l−1 increase in concen-

tration, an estimated increase in temperature since the 1970’s would then be∼0.18◦C

(i.e. ∼0.06◦C per decade). The formation of other gases (i.e. CO2) also have heat re-

leased as part of the interactions involved in the methanogenic processes occurring, and

these additional heat releases may be enough to account for the increase in temperature

in waters below 250 m.

Increases in net heat fluxes across the lake surface should result in warming of the
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seasonally mixed layer. The existence of an inversion in temperature suggests that the

warming caused by changes in heat fluxes across the lake surface will affect primarily

the waters down to 80 meters depth, as below this depth heat would have to diffuse

against the temperature gradient. Below the depth of temperature inversion, warming

may be affected by the surface warming due to a resulting reduction in upward heat

fluxes, as well as by flow rates, temperature, and compositionof subsurface inflows.
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Table 5.1 Summary of methane measurement techniques that have been used on Lake Kivu
Reference Year Method Accuracy

Schmid/Halbwachs 2003
Polyethylene tubing to lake surface to separate the gas & water
phases of sampled water. Flow rates were measured with a
GA2000 infrared gas analyzer.

Quotted at∼4%

Schmid/Halbwachs 2004
Capsum METS methane sensor taking measurements every
0.5sec during descent

2-5% error based
on calibration of
0.4mmol/L stated by
manufacturer

Schmitz and Kufferath
Deuser

1955 Gas chromatography was used on shipboard and on samples
brought to surface and kept at in-situ pressure until analysis in
lab

Not Stated
1973 Not Stated

Tietze 1978 Recovered water samples to be analyzed in lab for contents of
salts, nutrients, and gases

McAullife 1971

Fixed samples with HgCl2 and used gas chromatography on
tightly closed 150ml bottles. Only very shallow depths were
measured using this method after already measuring O2 con-
centrations

Pasche 2009
Niskin Bottles were capped with a balloon to prevent out-
gassing losses due to expansion. However, references of
methane concentrations from Schmid ’05 are reported.

Tassi 2009

Segments of Rislan Tubing were connected together to reach
the desired depth. At the top, a three way valve attached to a
syringe, pump, and sample bottle (tapped with Teflon valves).
Water was retrieved ”fast” enough to keep the gas that exsolved
mixed with the water in the sample bottle ”without” loss due to
the narrow tubing diameter.

7
1



0 5 10 15 20 25

0

50

100

150

200

250

300

350

400

450

500

CH
4
 Concentration [mmol l−1]

D
ep

th
 [m

]

 

 

Schmitz and Kufferath (1955)

Degens et. al (1973)

Tietze et. al. (1978)

Schmid et. al. (2005)

Figure 5.1: Methane concentrations as reported by Schmitz and Kufferath (1955), De-
gens et. al. (1973), Tietze et. al. (1978), and Schmid et. al.(2005). Methods used to
obtain these concentrations are described in Table 5.1.

72



22.5 23 23.5 24 24.5 25 25.5 26

0

50

100

150

200

250

300

350

400

450

Temperature [ °C]

D
ep

th
 [m

]

 

 

Jan ‘11 (this study)

Feb ‘12 (this study)

Schmid ‘10

Schmid ‘07

Schmid ‘04

Lorke ‘02

Tietze ‘78

CEPGL ‘86

Newman ‘76

Degens ‘73

Damas ‘37

Figure 5.2: Comparison of temperature profiles in Lake Kivu taken in 1935 (Damas,
1937) using a reversing thermometer, 1971 (Degens and Kulbicki, 1973), between 1973
and 1975 (Tietze, 1978; Tietze et al., 1980), 1976 (Newman, 1976), 1986 (Tuttle et al.,
1990), February 2002 on the northwestern end of the lake (Lorke et al., 2004), 2004
and 2007 (Schmid et al., 2010, 2012) with those taken in 2011 and 2012 (this study).
Historical data were obtained by digitizing published plots, as the original data were
unavailable. Small uncertainties in depths can result fromslight differences in pressure-
to-depth conversion methods, internal waves, and digitization uncertainties.
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Figure 5.3: Zoomed in view of the temperature profiles from Figure 5.2 near the primary
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Figure 5.4: Zoomed in view of the temperature profiles from Figure 5.2 near the temper-
ature inversion.
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5.2.1 Decadal scale warming at the depth of temperature

inversion

With heat diffusing towards the temperature inversion bothdownward from the surface

and upwards from the deep waters, conservation of energy implies that the waters at the

temperature inversion depth should be warming. The temperature at the depth of the

temperature inversion has been steadily increasing since at least the 1970’s, as can be

seen by examining the historical temperature profile comparisons of Figure 5.4. With-

out a regular mixing to the depth of the temperature inversion, which would remove heat

episodically, and without a heat sink at the temperature inversion (e.g. cold subsurface

inflow), the influx of heat will cause the water column to warm at the temperature inver-

sion. As accurate complete profiles are only available back to 1974, the rate of warming

is only estimated by making comparisons with these data. Doing so suggests a rate of

0.14◦C per decade at the temperature inversion depth (not a set depth below the surface).

Comparisons with the more recent historical profiles (Lorkeet al., 2004; Schmid et al.,

2002) indicate approximately the same rate.

Although our string of thermistors at the KP1 extraction platform did not go as deep

as the temperature inversion, the deepest thermistors reveal a warming trend in the water

below the depth of seasonal mixing during the deployment period. The warming rate

20 m above the temperature inversion (at a depth of 58 m) is on the order of 0.078◦C

yr−1, based on a linear regression fit. As this is close to the depthof seasonal mixing,

the warming rate there is expected to be larger than that of the temperature inversion’s

warming rate. With seasonal mixing and cooling of the mixolimnion causing the temper-

ature to be “reset” episodically, a continuous warming at the base of the mixed layer (∼
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50 m depth) is not observed on the scale of decades, but the rate of warming throughout

the year (prior to mixing) matches well with that of average decadal warming observed

for the air temperature near the lake surface. This similarity to air warming rates differs

from large lakes at higher latitudes in the United States. For example, Lake Superior,

Lake Michigan, and Lake Huron exhibit a summer warming rate of nearly twice that

of the atmospheric warming rate (Austin and Colman, 2007). Further evidence for a

long-term warming trend can be seen in the flattening of the temperature profile near the

temperature inversion. Flattening is to be expected as temperatures rise at the tempera-

ture inversion faster than regions slightly deeper than thetemperature inversion.

5.3 Heat content and temperature changes in the water

column

5.3.1 Heat content changes in the mixed layer

Heat content calculations in the water column indicate thatonly small changes in heat

fluxes are necessary to cause the increase in temperature observed in the upper 80 m. Net

imbalance of heat fluxes to a parcel of water can be calculatedfrom the observed changes

in the heat content of that parcel. Calculations of heat content were performed on the

temperature profile from 2002 (Schmid et al., 2002) and our February 2012 temperature

profile from SF12. The heat content difference from the surface down to 78 m was found

to be∼108 MJ m−2, which required a surface input heat flux absorption of only∼0.35

W m−2. As the time over which this change in heat content occurred overlaps with
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times of seasonal mixing to various depths above the temperature inversion, this change

in heat content only accounts for the overall gain due to an imbalance of heat fluxes.

The required 0.35 W m−2 is therefore representative of the average heat flux imbalance

between 2002 and 2012. Accurate estimates of the seasonal heat fluxes during the time

between mixing events are not possible with our data, as the profiles we have taken

also correspond to times over which a surface mixing event occurred. As the 0.35 W

m−2estimated from the differences in heat content between the February 2002 profile

and the February 2012 profile is close to the reported absorption of heat fluxes (0.4 W

m−2) in other East-African lakes (Verburg and Hecky, 2009), theexcess heat flux Lake

Kivu receives at the surface averaged over the seasons is assumed to be approximately

the same as in other East-African lakes.

5.3.2 Heat content changes below the temperature inversion

Heat fluxes between the depth of temperature inversion and the upper pycnocline have

remained nearly unchanged between the 1970’s and present. The approximate heat con-

tent change between the 1970’s profile and 2002 profile was 83 MJ m−2between 95 and

165 m depth. Between 2002 and 2011, the change in the same depth range was∼29 MJ

m−2. Both of these changes correspond to a required net heat flux of 0.1022 W m−2 .

This flux corresponds to a warming rate of approximately 0.11◦C per decade. The con-

stancy of this number between the two time periods suggests that the warming rate in

the region of the water column between 95 and 165 m has been nearly constant over the

last 37 years. This suggests that the subsurface inflows musthave had nearly unchanged

flow rates and nearly constant temperatures. Other heat fluxes (e.g. upward diffusion
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from deeper water) also must have been nearly unchanged.

Increases in temperature have occurred in the deep monimolimnion as well, although

they were small in comparison to the warming observed in the surface waters. The deep-

est heat content changes that can be calculated from our profiles (below the lower pycn-

ocline from 370 m down to 400 m) for comparison with historical heat content suggest

a significant difference in the required heat flux to cause thechanges observed during

the two time periods. From 370 to 400 m, change in heat contentfrom the 1970’s to

2002 was 6.7 MJ m−2, equivalent to a net heat flux of∼0.0081 W m−2(i.e. 0.02◦C per

decade). From 2002 to 2011, however, this depth region had a change in heat content

of 10.2 MJ m−2 , nearly twice the total heat gain that happened from the 1970’s to 2002,

equivalent to a heat flux of∼0.0324 W m−2and a warming rate of 0.08◦C per decade.

The deepest temperature profiles obtained in January 2011, February 2012, and October

2012 (Figure 4.9) suggest a warming rate at a nearby depth of 355 m to be 0.076◦C per

decade. This warming trend is significant compared to the spatial variability observed

in the January 2011 profiles (Figure 4.3). To determine more accurately the warming

trends in the deep water, additional studies should be performed through the installation

of deep temperature logging thermistors at several locations in the deep water across

the lake to look for variability due to possible localized heat sources. These potential

heat sources (or sinks) may cause minor heating as a result ofconvection; additionally,

if the source were an inflow, advective transport of local water masses would also result

in variability across the lake and subsequent temperature changes as mixing occurred.

Inaccuracies in the calculations of the lake heat contents (especially for the deep water)

between the 1970’s and 2002 may be due to variability in earlydeep temperature pro-

files, digitization errors of these data, and internal waves.
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5.3.3 Implications of warming

For a lake where the temperature is the dominant factor in determining the water den-

sity, and therefore stratification, an increase in surface temperature would strengthen

the stratification and result in a more stable water column less prone to mixing. In the

case of Lake Kivu, however, the reverse temperature gradient may actually lead to a de-

crease in the stability of the lower layers of the lake. Processes causing warming in the

deep waters are therefore important. Though changes in the deepest portion of the water

column are small, they indicate active energy transfer processes. In a steady state, the

temperature in a deep monimolimnion cannot change without local sources of heating

or changes in mixing intensity. Temperature profiles in the deep water of Lake Matano,

for example, exhibit a constant temperature within one one-hundredth of a degree, e.g.

instrumental accuracy, over the course of decades (Katsev et al., 2010). Lake Kivu’s

deep water temperatures, on the other hand, vary significantly (Figures 5.2 and 4.9).

Variability exists both temporally over years and laterally, as evident in comparisons

of near-shore temperatures and those further from shore, which show variability due to

localized inflows dispersing into the water column horizontally over several kilometers

(Figure 4.1). This variability indicates that Lake Kivu is not in a steady state. Rather, it

experiences water movements and heat fluxes, possibly in response to localized heating

on the lake floor. This results in convection of the deep water, meaning the mixing inten-

sity in the deep water cannot be assumed close to molecular diffusion, as the convective

processes would facilitate mixing.
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5.4 Warming in Lake Kivu versus other tropical lakes

Warming rates in Lake Kivu surface waters (at the base of the mixolimnion near 50 m

depth) since the mid-1970s are on the order of 0.20◦C per decade, greater than the rates

reported in other East African Great Lakes over the last century. In Lake Tanganyika,

warming rates at a depth of 50 m are∼0.1◦C per decade (Verburg and Hecky, 2009) and

in Lake Malawi warming rates between 10 and 50 m depth are∼ 0.13 ◦C per decade

(Vollmer et al., 2005). The rates near 50 m depth in lakes Tanganyika and Malawi cor-

respond to the warming rate closer to the current temperature inversion depth in Lake

Kivu (∼0.14◦C per decade), near 80 m. In Lake Malawi, warming rates at 100 mdepth

(the base of the mixed layer) are only 0.06± 0.02◦C per decade. This depth in Lake

Kivu is warming at a greater rate (0.1◦C per decade). In the deep waters between 300

and 400 m, warming rates for Lake Kivu (0.06±0.02 ◦C per decade) are close to the

warming rates reported in Lake Tanganyika (0.04 – 0.06◦C per decade) between 1975

and 2000 by Verburg and Hecky (2009). However, Lake Malawi iswarming at a rate of

0.12◦C per decade near 300 m depth (Vollmer et al., 2005).
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5.5 Double diffusion and its variability

The opposing effects of Lake Kivu’s temperature and salinity on the density gradient

allow for double-diffusion (Newman, 1976; Schmid et al., 2010). Increasing temper-

ature with depth destabilizes stratification, whereas increasing salinity and dissolved

CO2 makes it more stable. As the molecular diffusion of heat and dissolved substances

differ, local instabilities result that cause the formation of a thin, less salty warm layer

below a thin cooler layer. As the warm layer rises it mixes with the cooler layer, result-

ing in a sharpening of the interface between the layers and a reduction in the density

gradient to a nearly homogeneous layer. As this small-scalemixing occurs between

several different layers, a stair-case structure results that is observed in the conductivity

and temperature profiles. These stair-case structures are observed in Lake Kivu over

most of the water column below the temperature inversion, first appearing around 105

m; they are shown in Figures 5.5 and 5.6. The only zones where they are not observed

are in the region of the strong primary pycnocline gradient (250–262 m) (also found by

Schmid et al. (2010)), a region from 387 m to 393 m where a weak gradient zone exists,

and where cool sub-surface inflows enter the lake near the northern shoreline above the

upper pycnocline (170–202 m). The upper pycnocline (170–202 m) and the lower pycn-

ocline (306–325 m) do support distinct stair-case structures. As our profiles are limited

to ∼400 m, the existence of double diffusive steps at deeper depths is unknown; how-

ever, CTD7 extends to 417 m and below∼405 m the temperature profile lacks distinct

staircase structures, indicating the possible lack of these structures at least between 405

and 417 m depth in the main basin.

Comparisons among the January 2011 profiles and the February2012 profiles reveal
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variability in the double diffusion structures at several depths. The January 2011 profiles

show minor variability, primarily in step thickness, over short time periods, so larger

differences are expected to exist between the 2011 and 2012 profiles as heat and salt

are transported vertically upward through the staircases.Near 186 m depth, the 2012

profile lacks the double diffusive steps seen in 2011.The steps between 175 m and 190

m (within the upper pycnocline) became narrower, had reduced temperature gradients,

and the total number of steps declined between January 2011 and February 2012. This

suggests regional mixing, possibly caused by sub-surface inflows closer to the shoreline.

Just above the primary pycnocline between 235 and 255 m, the staircases are absent,

which is assumed due to the sub-surface inflows which reach their isopycnal depth and

spread out laterally in this depth region (Figure 5.2). Between 295 m and 305 m, steps

have become weaker and fewer well defined steps exist. Steps that exist in the 2011

profiles between 316 m and 318 m disappeared in February 2012.Between 336 m and

340 m, the staircases vary in strength between profiles. Variations on a shorter time

scale exist at both the same location and laterally across the lake, showing small scale

changes in the stair-case structures. For instance, comparisons between the two Master

Station profiles (CTD1 and CTD7) reveal both the developmentof new steps (286 m

and 290 m) and the loss of steps (at 307 m and 313 m).

The variability seen in the steps suggest active processes in the water column, which

may indicate minor convection in regions. Variability is also an indication that the steps

may only be intermittent, forming and disappearing at various locations as heat and dis-

solved substances are transported through the water column. As the water column is

not in a steady state, some assumptions made in modeling of the water column by past

reports (Schmid et al., 2005) may not be accurate.
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As the steps are observed over years throughout different seasons in the same depth

regions, large scale turbulent mixing is assumed to be minimal in the regions where

double-diffusive staircases are observed. If turbulence was not minimal, these small-

scale staircases would be destroyed and continuous observation of them over longer

time periods would not be possible. Turbulent mixing withinthe individual small-

scale staircases is significantly enhanced compared to within a system which has the

same temperature and salinity gradients but over a more continuous, smooth transition

Rosenblum et al. (2011). As a result of these well mixed layers, diapycnal transport be-

tween the strong gradients at the staircase boundaries is nearly molecular for both heat

and salts (Schmid et al., 2010). With transport of heat by molecular diffusion being on

the order of 100 times that of both salts and gases (Denny, 1993; Stewart, 2008), the

double-diffusive staircases help maintain the stratification of the water column by re-

moving the destabilizing aspect (the heat) of the water column toward the surface faster

than the stabilizing salts. On the other hand, above the region of these staircases, mixing

is dominated by turbulent diffusivity.
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Figure 5.5: Double Diffusive steps seen in Lake Kivu in January 20111. Between pro-
files it is clear that small variations exist in the location of the steps. Also, the steps
appear to both strengthen and weaken to the point of disappearing over time.
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Figure 5.6: Same as in previous figure over a different range of depths

5.5.1 Variability in the depth of temperature inversion

The depth of the temperature inversion increases with time (Figure 5.4). In January

2011, this depth was 78.3± 0.97 m, approximately the same depth as in February 2002

(Lorke et al., 2004), but shallower than in figure 2 of Schmid et al. (2002), which indi-

cates the depth to be 84.2 m in February of 2004. In February 2012, the temperature
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inversion deepened to 82.6 m± 1.1 m. These depths are significantly greater than in

the historical profiles available from the 1970’s (Tietze, 1978; Newman, 1976) and the

1930’s (Damas, 1937), where the depth of the temperature inversion was over 20 m shal-

lower, between 53 m and 57 m, near the present-day mixing depth. Schmid and Wüest

(2012) note similar trends in the depth of the temperature inversion in their 2002–2007

profiles; they observed that between 2002 and 2007 a deepening of the temperature in-

version occurred, which shallowed in 2008 to around 65 meters (i.e. within the possible

mixing zone).

The seasonal variation in the depth of the temperature inversion is most probably

due to vertical changes in its depth rather than an effect of internal waves. To accurately

quantify internal wave magnitudes requires further study of the water column through

the installation of closely spaced temperature recording thermistors within the depth

range the temperature inversion has been observed at. The magnitudes of internal waves

in our profiles, however, were on the order of 1–2 m near the temperature inversion in

both the January 2011 profiles and the February 2012 profiles.The changes in the tem-

perature inversion depth are significantly greater than this; such changes require changes

to the heat fluxes to the temperature inversion. Downward heat fluxes to the temperature

inversion are caused by variability in the seasonal mixing depth, which is affected pri-

marily by meteorological conditions during the dry season.During years with shallower

mixing events, the surface waters warm more than waters nearthe temperature inversion.

This causes a strengthening of the temperature gradient above the temperature inversion,

resulting in an increase in the downward diffusion of heat and an apparent deepening

of the temperature inversion. A gradual downward shift in the depth of the temperature

minimum results as deeper water temperatures match those atslightly shallower depths
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(i.e. the depth of the previous minimum). On the other hand, during years with stronger

winds and clearer skies (i.e. less downward atmospheric radiation that results in less

warming of surface waters), a reduction in downward heat fluxoccurs and a deep mix-

ing event may be likely. This results in a shallowing of the temperature inversion depth

as warming of the waters at the temperature minimum is dominated by upward fluxes

of heat. Shallowing of the temperature inversion may be of greater magnitude if winds

are able to cause a deeper mixing event to occur (i.e. to belowthe base of the mixed

surface waters of approximately 55 m), as some excess heat atthe depth of mixing will

be removed to the surface. As this heat is removed, further cooling will result, reduc-

ing downward fluxes toward the temperature inversion. Mixing to depths below 55 m

requires enough surface input energy by the wind to overcomethe high stability of the

water column caused by the large salinity gradient beginning at 55 m; this energy is dis-

cussed further in section 5.6. From comparisons of historical and current temperature

profiles (Figure 5.4), clear variation in the depth of the temperature inversion up to more

than 20 m can occur from one year to another year; however, changes during this study

appear closer to 5–10 m.

If variability in surface warming rates and episodic deep mixing events were not

the cause of the variability in the temperature inversion’sdepth, a heat sink (e.g. cool

inflow) would have to exist at the temperature minimum depth to account for the the

temperature inversion. As the isopycnal depth of such a sinkwould not be likely to vary

significantly, a more constant depth of the temperature inversion would be observed.

Analysis of our temperature profiles near the shoreline doesnot indicate the presence

of subsurface inflows near the temperature inversion depth;detailed profiling done by

Schmid et al. (2010) did not detect such an inflow either. Differences in the depth of
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various pycnoclines and the temperature inversion betweenlocations where profiles are

taken across the lake may exist due to a combination of seiches and internal waves. How-

ever, observed variability in depths indicate only minor variability (over days) due to the

location of sampling (Figure 4.1).

As the depth of the temperature inversion has deepened sincethe 1970’s, mixing

to the depth of temperature inversion is more difficult. Thisresults in less heat being

removed from the water column and the possibility that the warming rates throughout

the water column could accelerate.

5.5.2 Temperature and energy conservation requirements atand

above the temperature inversion depth

As energy conservation indicates that the temperature at the inversion depth must be

increasing, the expected rate of warming due to the present-day heat fluxes can be cal-

culated. In the region near the temperature inversion, vertical heat transport rates can be

assumed to be primarily due to turbulent diffusion. The values of turbulent eddy diffu-

sivity, Kz, used to estimate the dry-season mixing near the temperature inversion depth

were found by linear interpolation of the coefficients listed in Table 5.2. The heat flux

(ΦH) at a given depth was then determined from Fick’s first law of diffusion:

ΦH = −Kz
∂T
∂zcwρw

where T is the temperature profile smoothed to a 0.5 m resolution, cw, the specific heat

of water, taken to be 4181 J kg−1K−1 at the average density of the water column in the

region near the temperature inversion (ρw = 998.5 kg m−3). The warming rate was then
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found from Fick’s second law as:

∂T
∂ t = − 1

ρcw

∂ΦH
∂z

The inversion depth in any given profile was taken as the depthwhere the flux crossed 0

W m−2. An example of this calculation performed on the temperature profile CTD7 is

shown in Figure 5.7. The average value for the expected warming rate computed with

this method for all of the January 2011 and February 2012 profiles yielded the heat gain

rate at the temperature inversion of 0.0018 W m−3s−1. This rate over the course of 1

year yields a 0.014◦C rise in temperature, or equivalently the 0.14◦C per decade, which

matches the warming rate seen from temperature profiles. Theagreement suggests the

absence of a cool inflow at the depth of the temperature inversion, in agreement with the

lack of evidence for inflows from near-shore profiles.

Table 5.2 Kz-values used to calculate heat fluxes required for energy conservation in
Lake Kivu, based on Table 2 of Pasche et al. (2009).

Depth [m] Kz [m2s−1]
60 1.8·10−6

110 0.2·10−6

115 1.3·10−7

155 4.9·10−8

255 1.6·10−8

261 1.4·10−8

270 5.2·10−8

440 1.0·10−8
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Figure 5.7: An example of the heat flux calculation performedto determine the expected
warming rate based on the temperature profile of CTD7. The horizontal line (at 76.4 m)
shows the depth at which the heat flux crossed zero (and the associated heat gain rate)
which corresponds to the depth the temperature inversion.
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5.6 Stability of the Water Column

Stability as a physical quantity characterizes the resistance of the water column to mix-

ing. It can be defined as the energy required to homogenize thewater column to a given

depth (Wetzel and Likens, 2000; Hutchinson, 1975), which effectively requires the cen-

ter of gravity to be raised:

S=
1
A0

∫ zm

z0

Az(z−zg) · (ρz−ρm)dx (5.1)

where A0 is the surface area of the lake, z0 is the lake surface height, zm is the maximum

mixing depth, zg= 1
V

∫ zm
z0

z·Azdx is the center of gravity depth, andρm= 1
V

∫ zm
z0

ρz ·Azdx is

the density when mixed, withρz the density at depth z dependent on other factors (see

section 3.2.2).

Energy input to the lake surface to cause mixing was assumed to be due to winds,

which produce waves that impart energy into the water columnand facilitate mixing.

Potential depths of wind mixing were determined based on thewave heights relationship

to wind speeds. Wave height allows for estimates of energy contained in the wave. The

energy contained in waves was assumed to be equally split into potential and kinetic

energy (Phillips, 1977; US Army Corps of Engineers, 2008). Under this assumption,

US Army Corps of Engineers (2008) gives the average energy per unit surface area that

the waves can potentially introduce to the lake surface to cause mixing as:

E =
1
16

ρgH2
s (5.2)

where Hs is the significant wave height (i.e. average height of the highest one-third of
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the waves) in meters.

Estimates of necessary wind speeds to create the required wave height magnitudes

were made using an approximation from the Institution of Civil Engineers (1996):

Hs =
U F0.5

1760
(5.3)

where U is the continuous wind speed in m s−1 and F is the uninterrupted fetch. The

wave height given by Equation 5.3 is plotted as a function of wind speed along with the

corresponding wave energies (Equation 5.2) in Figure 5.9. This approximation to avail-

able mixing energy was then used to determine the mixing depth based on the stability

energy (Equation 5.1).

Calculations using Equations 5.1 and 5.2 and CTD profiles CTD1, CTD7, and Feb12

show that in Lake Kivu winds are able to mix the water column toa depth of around 50

m (Figure 5.8). Consistent with the results of typical wind speeds during the dry season,

mixing extended to 50–55 m (Figure 4.7). Homogenizing to 50 mrequires an input of

∼ 0.9 kJ m−2 from the wind (which corresponds to wave heights of 0.65 m; this also

corresponds to sustained winds of∼5 m s−1). However, mixing down to the seasonal

thermocline between 30 m and 40 m depth only requires 0.46 kJ m−2, equivalent to an

average wave height of 0.3 m. Once homogenized down to 35 m, the energy required to

homogenize deeper is reduced significantly. Energy inputs required to mix to 60 m, 80

m, and 90 m in January 2011 were 1.48 kJ m−2 , 3.78 kJ m−2 , and 5.90 kJ m−2 . Mixing

energies requirements once the upper 35 m was already homogenized by mid-June to

July at these same depths were 0.23 kJ m−2 , 1.83 kJ m−2, and 3.57 kJ m−2, respectively.
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The corresponding wave heights and sustained wind speeds toproduce these mixing en-

ergies are 0.17 m (∼2 m s−1), 1.10 m (∼8 m s−1), and 2.15 m (∼15 m s−1), respectively.

Using Equation 5.3 to calculate approximate wave heights suggests sustained winds on

the order of 9–10 m s−1 would be required for mixing to depths of 80 m. Analysis of

wind records available online (MundoManz, 2006–2013) confirm such winds are possi-

ble, occurring occasionally, but not often. Typical wind speed maxima are on the order

of 5–6 m s−1, which are capable of producing waves on the order of 0.8 to 1 meter when

blowing for several hours. Winds at 9–10 m s−1 may cause mixing to near 80 m, an

event that Schmid and Wüest (2012) suggested happened in 2007. To mix to a depth

below 80 meters, however, requires very strong winds (greater than∼15 m s−1) to blow

continuously for an extended period of time. The significantincrease in energy required

for mixing to deeper depths is due to the large salinity gradient occurring between 55

m and 120 m. Based on the available wind data, mixing to depthsaround 90 m is not

expected to occur regularly, although such deep mixing cannot be excluded. To further

quantify whether episodic mixing to depths of 80–90 m is possible during the dry season

requires monitoring of the meteorological conditions on the lake surface, as Lake Kivu

is located in a valley surrounded by several mountain chainsthat may limit the wind

speeds, as suggested by the data of Sarmento et al. (2006), which indicate wind speed

maxima during the 2003 season near the lake to be 2–2.5 m s−1. Currently available

weather stations are located several kilometers away from the lake shore at airports of

higher elevation and the data from those stations was used asan assumption for the po-

tential mixing depths.

In the case where winds are not capable of mixing the water column to the temper-

ature inversion, the depth of the temperature inversion canstill rise. This can happen
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if the surface waters mix to the depth of the first salinity gradient and remain mixed to

that depth for an extended period due to winds and cooler temperatures. In this case, the

water below the temperature inversion will warm from the upward heat fluxes below. As

this warming happens, the temperature inversion will appear to shift upward due to the

waters below warming while the waters above remain nearly unchanged. Dry seasons

with higher wind speeds likely cause greater shifts in the depth of the temperature inver-

sion to shallower waters, while years with average wind speeds during the dry season

likely cause a deepening of the temperature inversion due tothe increased downward

heat fluxes. Higher downward heat fluxes will cause waters above the temperature inver-

sion to warm faster than waters below, causing a downward shift in the location of the

temperature inversion. A combination of episodic mixing due to winds, increased down-

ward heat fluxes since the 1970’s, and upward heat fluxes causethe current movement

of the temperature inversion between∼65 m and 85 m depth.
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Figure 5.8: Stability (Equation 5.1), i.e. the energy inputat the lake surface required
to mix the water column to a given depth. Marked points are at 60 m, 80 m, and 90 m
as references for proposed mixing depths from historical observations. Panel A shows
the entire lake’s required mixing energy based on an adjustment to profile CTD7 where
the surface 35 m has been homogenized (i.e. representative of early dry season mixing).
Panel B zooms in on the upper 120 m of Panel A.
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Figure 5.9: Wave height (linear line from Equation 5.3) produced by a given wind speed
and the corresponding energy (quadratic line from Equation5.2) that is introduced to
the lake surface to aid in mixing of the water column. The horizontal dotted lines on the
energy axis (left) correspond to the typical wind speeds in the region. The horizontal
dotted lines on the wave height axis (right) correspond to the energies necessary to mix
to 60, 80, and 90 m depth as found in Figure 5.8.

5.7 Local weather averages and heat budget

5.7.1 Weather averages in Lake Kivu region

Weather variability results in seasonal patterns to the depth of mixing from the surface

down to between 50 m and the temperature inversion depth. Monthly averages of tem-

perature, maximum temperature, minimum temperature, relative humidity, and average

rainfall in the cities of Gisenyi(Goma) and Bukavu are listed in Table 5.4. Figure 19

shows the average maximum and minimum temperature, as well as average precipita-

tion by month in Gisenyi(Goma) and Bukavu. The monthly averages are over a 3 year
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period for all but the precipitation data for Bukavu, which is averaged over a 5 year

period. These data suggest an average air temperature of∼19 ◦C during the year, in

agreement with Borges (2006). Calculations using 19◦C for the surface air tempera-

ture were used to calculate an effective emissivity of the atmosphere in the heat budget

calculations below. A global project effort by Berkeley Earth compiled the surface tem-

perature data (Figure 5.11), which indicate approximatelya 1◦C rise in temperature in

Rwanda between the early 1970’s and 2010. The data show the rate of air temperature

increase from the early 1900’s to the 1970’s was lower than the rate of increase that has

been observed since the 1970’s. This suggests that increases in the surface water temper-

atures of Kivu may be greater between the 1970’s and today than between the earliest

measurements in the 1930’s and the 1970’s. As a result of the increased downward heat

flux, a deepening of the stable depth for the temperature inversion may have occurred.

5.7.2 Components of the heat budget for Lake Kivu

The combination of heat gains and losses at the surface of Lake Kivu results in a rel-

atively balanced net flux of∼9 ± 35 W m−2 (Table 5.3). Heat gains come primarily

from the downward solar radiation and longwave atmosphericradiation, but minor addi-

tions also come from catchment runoff water, precipitationdirectly to the surface, and

heat conduction to/from the sediments. Solar radiation contributes between 1900 kWh

m−2 and 2100 kWh m−2 as a daily 24-hour average (http://solargis.info/imaps),

which corresponds to values of 217 W m−2 and 240 W m−2. These being typical upper

and lower bounds measured in the Kivu region with variationsdue to cloud cover during

the day. Only minor variability in solar radiation will exist over the course of the year
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Figure 5.10: Monthly temperature and precipitation averages compiled over a 3 year pe-
riod near the major cities of Gisenyi/Goma and Bukavu. Note the monthly precipitation
average for Bukavu is over a 5 year period. The precipitationis the monthly total av-
erages for that month, whereas the temperature is the average daily temperature for the
entire month. These data were obtained from a compilation ofvarious weather reporting
websites (http://www.worldweatheronline.com/Gisenyi-weather-averages/;
MundoManz (2006–2013)). The Gisenyi and Goma data are likely from the same sta-
tion due to the proximity of the cities to one another.
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trends using available temperature data from various literature and operating weather
collection sites.
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as the latitude of Lake Kivu is only 2◦ south of the equator. These values account for

the night time by using a 24-hour averaging. For the calculation of total heat income,

we used the mid-range value of 228.5 W m−2 ± ∼10 W m−2. Contributions from atmo-

spheric radiation based on current temperatures amount to∼ 327 W m−2 (Equation 3.8).

Temperature variations over the course of the year result influctuations in the the atmo-

spheric radiation flux of∼ ±5 W m−2. Losses of heat consist of the lake surface’s

outgoing longwave radiation, sensible heat loss, evaporation, and cooler surface inflow

streams and rainfall. Losses due to sensible radiation willvary with the season and wind

speeds, having larger values during times of higher wind speeds. The values reported,

however, are based on average wind speed during the year rather than during specific

seasons. Calculations of sensible radiation losses made using equation 3.10 are between

5 W m−2 and 10 W m−2. Losses due to the blackbody radiation from the lake sur-

face are on the order of 430 W m−2 (Equation 3.7). Evaporative cooling (Equation 3.6)

compensates for the majority of the remaining flux, having aneffect of about -112 W

m−2. Combining these losses and gains suggest a positive flux of approximately∼9 W

m−2, with a rather large uncertainty due to the variability in each of the contributing

components. Due to the large range, a balanced budget is possible. These results are

summarized in Table 5.3.

The advective inputs into and out of the lake surface contribute minimally to the heat

budget in comparison to the other sources. The inputs consist of riverine inflows directly

into the surface water of the lake and subsurface groundwater inflows which settle at var-

ious isopycnal depths based on their composition and temperature. The effect of outside

stream inputs into a lake may vary depending on the inflow rates and the temperature of

these inflows. Similarly, groundwater inflows may affect theheat budget of a lake if the

101



Table 5.3 Heat fluxes across the surface of Lake Kivu.

Heat Source Value (W m−2) Uncertainty
Energy Gain from Solar Radiation∗ 228.5 ±10
Energy Lost to Evaporation -111.5 ±12.2
Blackbody Loss from lake surface -427 ± 4.7
Blackbody gain from atmosphere 327 ±5
Energy Loss from Sensible Radiation∗∗ -7 ± 2.5
Energy Loss to precipitation and runoff-1.4 ±0.68
Totals: ∼∼∼ 8.6 ±∼35

* Based on an average Solar Radiation of SolarGIS online data
** Based on wind speeds of 1.5 m/s and 3 m/s respectively

temperature of the inflows are different than that of the water at the depth where they

enter. Based on the typical temperature of surface inflows into Lake Kivu (as quantified

by Muvundja et al. (2009)), calculations of the heat budget contributions due to the ef-

fect of these surface streams show their effect to be minimal(both under the assumption

that all streams are at the minimum and maximum measured temperatures). Sampling

done at 127 of the in-flowing streams in the Bukavu and Kalehe basins (Muvundja et al.,

2009) yielded a temperature range for the surface inflows between 18.0± 0.8 and 22.4

± 2.6 ◦C, having an average value of 20.5◦C (Muvundja et al., 2009). Calculations us-

ing these extremums for the river inflow effects on the heat budget (Equation 3.6) yield

-0.81 W m−2 and -0.23 W m−2 under the assumption of a 23◦C surface water temper-

ature. Similarly, rainfall contributions to the heat budget (Equation 3.6) yield∼ -0.9

W m−2 under the assumption that the rain water is at the average airtemperature (19 –

20◦C).
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Average Unit Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Temperature (3 yrs.) ◦C 18.9 20.0 20.0 18.9 20.0 18.9 18.9 18.9 20.0 18.9 20.0 18.9 20.0
Bukavu 20.6 20.0 20.0 20.6 20.6 20.6 20.0 20.0 20.6 20.6 20.6 20.0 20.0
Goma 18.9 20.0 20.0 18.9 20.0 18.9 18.9 18.9 20.0 18.9 20.0 18.9 20.0

High temperature (3 yrs.) ◦C 25.6 25.6 25.6 25.6 25.0 25.0 25.0 25.6 25.6 25.6 25.6 25.0 25.6
Bukavu 25.6 25.6 25.6 25.6 25.6 25.6 25.6 26.7 27.8 26.7 26.7 25.0 25.6
Goma 25.6 25.6 25.6 25.6 25.0 25.0 25.0 25.6 25.6 25.6 25.6 25.0 25.6

Low temperature (3 yrs.) ◦C 13.9 13.9 15.0 11.7 15.0 13.9 13.9 12.8 13.9 13.9 13.9 13.9 13.9
Bukavu 15.0 15.0 15.0 15.6 15.6 15.6 13.9 13.9 13.9 15.0 15.6 15.0 15.0
Goma 13.9 13.9 15.0 11.7 15.0 13.9 13.9 12.8 13.9 13.9 13.9 13.9 13.9

Relative humidity (3 yrs.) % 70 70 71 72 76 74 68 63 61 68 67 73 71
Bukavu 76 77 79 82 83 81 76 64 60 70 75 84 81
Goma 70 70 71 72 76 74 68 63 61 68 67 73 71

Precipitation (5 yrs.) m 1.26 0.12 0.07 0.10 0.15 0.14 0.05 0.02 0.07 0.14 0.16 0.12 0.11
Bukavu (20 yr.avg) 1.31 0.14 0.15 0.16 0.14 0.09 0.02 0.02 0.04 0.10 0.15 0.17 0.15
Goma 1.26 0.12 0.07 0.10 0.15 0.14 0.05 0.02 0.07 0.14 0.16 0.12 0.11

Dew point (3 yrs.) ◦C 13.9 13.9 15.0 13.9 15.6 15.0 12.8 11.7 11.7 13.9 13.9 13.9 13.9
Bukavu 15.6 15.6 15.6 16.7 16.7 16.7 15.0 11.7 11.7 15.0 15.6 16.7 16.7
Goma 13.9 13.9 15.0 13.9 15.6 15.0 12.8 11.7 11.7 13.9 13.9 13.9 13.9

Table 5.4 Monthly averages of temperature (◦C), maximum and minimum temperature (◦C), Rainfall (m), and Relative
Humidity (%) in the lake shore cities of Gisenyi/Goma and Bukavu. These data were obtained and compiled from
various online weather reporting sources, some with slightly varying data. Much of the available Goma, DRC and
Gisenyi, Rwanda data appear to be taken from the same stationlikely due to the proximity of the two cities to each
other.
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We estimate the increase in downward atmospheric blackbodyradiation caused by

the increasing air temperatures at∼ 6.6 W m−2since the mid-1970’s. Using the coeffi-

cient for emissivity of Ce of 0.937·10−5 ◦C−2 (Blanc, 1985) in Equation 3.9 results in

an emissivity ofε = 0.794 for near-surface air temperatures. The Stefan-Boltzmann law

(Equation 3.8) with this emissivity gives the atmospheric long-wave heat flux into the

lake of 320.4 W m−2. Typical estimates for regional air temperature increasesin East

Africa are between 0.8 and 1.6◦C (Verburg and Hecky, 2009) since the 1970’s. For

a 1 ◦C air temperature increase, the emissivity coefficient is 0.800, and the irradiance

is 327.0 W m−2. The 6.6 W m−2increase in irradiance for one degree increase in air

temperature is close to the estimated excess heat flux acrossthe lake surface (Table 5.3).

The excess flux of energy into the lake must be reflected in the lake temperature above

the temperature inversion. Higher wind speeds and less rainmay limit the warming via

episodic mixing events, increased evaporative cooling, and higher sensible heat losses.

Often heat budget analyzes neglect the effects of heat exchanges with the lake floor,

heating/cooling due to chemical and biological processes,and kinetic energy dissipation,

assuming their effects small (on the order of errors in otherfactors (Saur and Anderson,

1956)). For Lake Kivu, however, the effects of the heating from within and below are

not negligible, as indicated by the warming in the deep waterdiscussed in section 5.2

and seen in Figure 5.2.
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5.8 Pycnocline movements

5.8.1 Historical comparisons indicate vertical movement in the

boundaries of the pycnoclines

Comparison of the 2011 and 2012 temperature and conductivity profiles with the 1970’s

data indicates a shift in the vertical position of the pycnoclines (Table 4.1). Figure 5.14

indicates that below 225 m the lower boundaries of the pycnoclines rose, resulting in

thinner pycnoclines and a strengthening of the density gradient due to the now thinner

pycnoclines. Hirslund (2012) suggests that the center of the pycnoclines have risen, but

assumes the rise to be occurring at both the boundaries rather than a strengthening of the

gradient. Based on this assumption, there should be clear movement of both boundaries

and an unchanged shape of the pycnocline; this is not observed in comparisons of our

profiles with those of the 1970’s.

The change since the 1970’s is significantly greater than themagnitude expected

due to internal waves at the pycnoclines (see section 5.5.1). Figures 5.2 and 5.3 show

the temperature profile comparisons, while Figure 5.15 shows the conductivity com-

parisons, both indicating the same changes in the depths of the pycnocline boundaries.

Movements of the primary pycnocline’s upper boundary is on the order of 4–5 m and

lower boundary close to 24 m between the 1974 profile and 2011.Differences from the

2002 profiles of Lorke et al. (2004) indicates a rise of 2–3 m. The changes in the lower

boundary is greater than the 7 m rise Hirslund (2012) proposed for simply the center of

the pycnocline, clearly indicating a strengthening of the gradient. The lower boundary

of the lower pycnocline (∼331 m) has risen by∼ 17 meters (since the 1970’s), with
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only small movements in the upper boundary. Unlike the movement of the lower bound-

aries in these pycnoclines since the 1970’s, the 2–3 m differences seen between the 2002

depths and our current measurements (for both boundaries) are likely accounted for by

internal waves.

The density gradient at the upper pycnocline has remained unchanged compared to

the 1970’s profiles, despite the overall rise of the pycnocline. These boundaries have

been classified based on the intersection of lines drawn tangent to the profile of con-

ductivity at the middle of the gradient with lines drawn tangent to the steepest gradient

in the mixed regions above and below the respective pycnocline (see example in Fig-

ure 5.12). Data of Tietze (1978) reveal the upper pycnoclinecentered at 200 m depth

with an upper boundary at 179 m and a lower boundary at 219 m fora thickness of 40 m.

Our January 2011 data show the thickness of this pycnocline to be 39 m, i.e. virtually

unchanged given the internal wave magnitudes in this depth range. The boundaries for

this upper pycnocline are now at 202 m and 163 m, 17 m shallowerand 16 m shallower,

respectively, than in the 1970s. Small digitizing errors may lead to 2 to 3 m uncertainty

in these changes.

5.8.2 Temporal variability expected due to internal waves

Differences among the January 2011 conductivity profiles are∼0.01 mS cm−1 in most

of the the water column across the lake (Figure 4.10). Differences of 0.04–0.05 mS

cm−1 are observable at the major pycnoclines. The CTD conductivity sensor has an

accuracy of 0.01 mS cm−1 with a resolution of 0.002 mS cm−1, indicating that the

conductivity profile of the water column is laterally homogenized (i.e. deviations on the
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Figure 5.12: Example of the calculation for the boundaries of the pycnocline upper and
lower boundaries

order of instrumental accuracy).

Variations near the pycnoclines (insets in Figure 5.13) suggest internal waves with

amplitudes on the order of 2.5 to 3 m in the upper and primary pycnoclines. Near the

depth of temperature inversion, the vertical variability suggests internal waves on the

order of 1 to 2 m. As the lower pycnocline appears only in a single profile, internal

waves there cannot be quantified. In the region at the base of the mixolimnion (i.e. 50

m depth), conductivity variations suggest internal waves on the order of 3 m.

The magnitude of internal waves vary with depth. Internal wave magnitudes are

greater in waters near the pycnoclines than near the surfaceand between the pycnoclines.

A baroclinic system explains this difference. As Lake Kivu is split into multiple layers

of different densities, separated by pycnoclines, waves are expected to be present at

the pycnoclines. The solution to the governing equations ofmotion for a system with

just two layers and a free surface has several special cases (Socolofsky and Jirka, 2004).

107



With the densities at the boundary of two layers being nearlyequal, Boussinesq waves

can result, traveling much slower than surface waves due to the small difference in

density between the two fluids. The two main solutions are theexternal mode and the

internal mode. (Socolofsky and Jirka, 2004). The external mode has larger waves at

the surface of the upper layer and the two layers travel in phase with each other as if

unstratified. In the internal mode, the lower layer is out of phase with the surface layer,

resulting in larger waves between the internal surfaces than at the free surface. The

baroclinic mode in Lake Kivu can explain why the deeper boundary layers have larger

internal waves. The magnitude of these waves may be smaller than in a simple two-layer

system due to the water column having several layers, each introducing and additional

adjustment to the phase and magnitude of waves at the pycnoclines.

5.9 Effects from conductivity and temperature of inflows

Subsurface inflows help to maintain the depths of the upper boundaries of the primary

and lower pycnoclines in the water column. Conductivity andtemperature profiles re-

veal the depths of subsurface inflows as mentioned in the results. As the signal from

these inflows weakened as distance from the REC platform increased, the inflows are

assumed to be localized primarily on the northern shore, as also found by Schmid et al.

(2005). The inflows have excursions towards both lower temperature and lower con-

ductivity (Figure 5.17). The negative excursions suggest the inflows are of less salinity

than the lake water. The inflows that compose the signal at∼248 are the source for the

negative excursion in temperature at the upper boundary of the primary pycnocline. As

the inflow is also of lower conductivity than the lake water, it works to maintain the
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Figure 5.13: Conductivity profiles from January 2011 along the Kibuye transect and the
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the temperature inversion depth (circled region) to bettersee the magnitude of internal
waves.
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Figure 5.14: Comparison of in-situ and temperature-adjusted conductivity averages mea-
sured between 1973 and 1975 (Tietze (1978)), 2002 (Lorke et al. (2004)), January of
2011 and February of 2012. Small errors in depth on the order of 3 to 4 meters may
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Figure 5.16: In-situ conductivity and temperature-corrected conductivity in the upper
100 meters of the water column measured between 1973 and 1975(Tietze (1978)), 2002
(Lorke et al. (2004)), and January 2011 and February 2012.
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upper boundary of the primary pycnocline and leads to a strengthening of the gradient

as the lower boundary with waters of higher conductivity rises due to inflows below

the primary pycnocline. The inflows between the lower and primary pycnoclines (be-

tween 262 and 300 m) work in a similar way to maintain the upperboundary of the

lower pycnocline (at a depth of about 301 m) and strengthen the gradient. Ascent of the

upper pycnocline’s boundaries discussed in section 5.8.1 may be due to inflows which

settle between the upper and primary pycnocline (i.e. inflows from∼ 200 – 250 m),

which push the entire water column above that depth upwards.As the thickness of

this pycnocline has remained unchanged, no significant inflows are expected to settle at

their isopycnal depth near the boundaries of this pycnocline, despite the existence of in-

flows detected between 160 and 170 m in 2012 (see section 4.2.1). However, as inflows

which settle near the upper boundaries of the primary and lower pycnocline appear to

have strengthened those pycnoclines, the inflows near the upper pycnocline may now

have some influence in maintaining the upper pycnocline; to further quantify whether

this is the case requires more observational data of the upper pycnocline’s motion. As

the inflows are important for maintaining the current stratification of the water column,

changes in the inflow properties may alter the location of themajor pycnoclines and

therefore the stability of the water column.

5.10 Gas pressure measurements in silicone tubing

Calibration plots (Figure 4.13) show that expansion volumes from silicone tubing sam-

plers after thirty-five minutes of deployment in Lake Kivu correspond to partial gas

pressures of∼-0.81 dbar,∼1.03 dbar, and∼7.39 dbar at depths of 122 m, 130 m, and
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138 m, respectively. These estimates are based on the extrapolation of the calibration

conditions to the greater hydro-static pressures in Lake Kivu.

To determine accuracy of these estimates requires further testing of the samplers for

known concentrations of CO2 in the pressure chamber. Furthermore, the short deploy-

ment time in the lake was likely not long enough for the concentrations of gas in the

tubes to reach equilibrium with partial pressures in the water, hence the low and even

negative partial gas pressures found. The flux of different gases through a membrane

varies based on the coefficient of solubility and diffusion for the gas-membrane combi-

nation (Zhang and Cloud, 2006). For a silicone membrane, thediffusion coefficient for

CO2 and CH4 are similar, however, the solubility of CO2 is much higher than the solu-

bility of CH4 in silicone rubber (Zhang and Cloud, 2006). This means the concentration

of CO2 gas molecules in the silicone rubber is higher, leading to concentrations of CO2

coming to equilibrium on the inside and outside of the samplers in a shorter period of

time than for CH4. Based on the overlay in Figure 4.14, the samplers may have had

enough time for the CO2 to come to equilibrium, as the estimated partial gas pressures

are near the pressures of CO2 shown in the figure of Schmid et al. (2005). However, the

partial gas pressures due to CH4 are 4–5 times that of CO2 at the depths the silicone

tubing samplers were deployed. As CH4 requires more time for concentrations inside

and outside the silicone samplers to reach equilibrium, andas the pressures found during

the deployment time are close to the CO2 pressures reported by Schmid et al. (2005), a

longer deployment time is required to make accurate measurements of the partial gas

pressure in the lake.

As the measurement of the obtained volumes depended on the stiffness of the sy-

ringes’ plungers, an uncertainty in the obtained volume is estimated on the order of∼
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4–5 ml. This is based on the minor variability in the stiffness among syringes of the

same model used for calibration in lab. As a limited number ofsyringes of the same

model were available during field work, further uncertaintyin the obtained volumes at

138 m depth may exist due to the uncalibrated syringes used onthose samplers.

The pressure data in Figure 4.14 are within error of the concentrations measured by

Schmid et al. (2005) for the depths sampled. Given these results under the windy condi-

tions and waves the samplers were deployed during, it may be possible to develop this

method as a useful gas-pressure measurement tool. As only four good pressure-volume

calibrations points were obtained for the larger tubing used in Lake Kivu (Figure 4.13),

the reported pressures have a large uncertainty (Table 4.2). A better set of calibration

data is possible by making certain the water in the pressure chamber is saturated, and by

replacing the water between trials. Furthermore, creatinga finer resolution for pressures-

volume measurements for calibration, along with a consistent deployment time in the

pressure chamber would result in a better calibration data set. Use of the same syringe

for all measurements, rather than different syringes on each tube, would also reduce

variations in obtained volumes. A more reliable approach, however, would be to adapt

a sensitive pressure gauge and connector piece on the tubingto replace the syringe and

and luer stop-cocks. This would improve the consistency between tubing samplers and

eliminate the problems that arise in the variations of syringe manufacturing. The method

used on Lake Nyos to measure the partial gas pressure of CO2 in the water at depth in-

volved use of a pressure gauge connected to a long tube which connected to a series of

silicone tubes placed at depth (Evans et al., 1993). Evans measurement required several

hours for the gas pressures inside the tubing to be in equilibrium with the dissolved gas

pressure, and the surface pressure measurement required anadjustment to match the
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pressure in the tubing at depth because of the weight of the gas in the long column.

5.11 Limnic eruptions in lab

Lack of pressure to dissolve significant quantities of CO2 into the water was the primary

issue with creating a small-scale limnic eruption. Pressure at depth in the water col-

umn of lakes where significant amounts of gases are dissolvedare several atmospheres

greater than the pressure at the bottom of either the large beaker or the plastic cylinder

used in lab without a secured cap. During tubing calibrationand development, the pres-

sure chamber allowed significantly greater pressures in comparison to previous attempts

with small scale eruption simulations. When pressure was relieved from the pressure

chamber, bubbles formed and appeared as if a rolling boil of hot water was occurring

until the partial gas pressure had dropped far enough to remain stable at atmospheric

pressure. Once this exsolution of gases had happened, smaller bubbles continued to

form and rise, just as in a carbonated beverage sitting in a glass, and similar to other tri-

als in the limnic eruption tests described in section 4.7. Asa limnic eruption is driven by

entrainment of water by rising plumes of expanding gases, which forms a self-sustained

column of exsolving gases, the trials performed in lab are not representative of an actual

limnic eruption due to the lack of a rising plume causing further release of gas.

Keeping the gas in the layers of the water may also be an issue for shallow setups,

as the diffusion rate of gas through the water column may be enough to dilute the con-

centrated CO2 water being “piped” into the bottom of the water column; furthermore,

minor mixing induced from the inflowing water with warm upperwater may also cause

dilution. If a setup could be developed to pressurize the water column and effectively

117



create a deeper layer of gas-rich water under a fresh warm water that remained well sep-

arated, one could potentially quickly drop the pressure to simulate a large disturbance in

the water column and cause gaseous outbursts – the sort of behavior seen in shaken up

soda bottle that are opened quickly, or that seen when the pressure chamber was opened.

The method of injecting hot water through the surface is not areasonable approach,

as the narrow tube to the bottom allows the water to be cooled by surrounding water

as it travels to the injection point. Further, the pressure forcing the water out of the

syringe into the deep water caused a visually significant disturbance of the interface.

This disturbance resulted in more mixing than desired or than would result from simply

having a large quantity of hot water suddenly heat up the coolwater. Also, the heat

transfer required to heat the CO2 water up enough to lose its gas-holding capacity is far

greater than a small injection of hot water can provide underthe pressures available in

lab. As a result, the amount of gas able to remain dissolved inthe water changed very

little at low pressures used, and therefore provided very little exsolution of the dissolved

gases in the short, non-violent bubbling periods.

118



6

Conclusions

• The temperature of Lake Kivu has risen throughout the entirewater column since

at least the mid-1970’s.

• The temperature at the base of the mixolimnion at∼ 50 meters depth has risen by

0.75◦C since the 1970’s (i.e.∼ 0.20◦C per decade). This rise in temperature is

greater than that in other tropical lakes in the East AfricanRift system reported

from 1993–2005: Lakes Malawi and Tanganyika having warmed by ∼ 0.13 ◦C

per decade in the waters near 50 meters depth.

• Temperature at the depth of the temperature inversion has risen since the mid-

1970’s by 0.5◦C. The average rate of the temperature increase is∼0.14 ◦C per

decade. This matches the rate calculated based on the heat fluxes to the inversion

(sec 5.2.1; 0.4 W m−2). The warming rate matches that in surface waters in other

tropical lakes. Occasional episodic mixing to the depth of the temperature inver-

sion may occur, which would homogenize the temperature of the water column to
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the inversion.

Warming from the atmosphere is the primary cause of warming down to the depth

of the temperature inversion, with minor contributions from the upward flux of

heat in the deep waters. As the warming rate matches the rate calculated from

present-day vertical heat fluxes, there may not be a cool inflow near the tempera-

ture inversion depth. Waters in this depth region are therefore a good integrator of

the heat fluxes received from both above and below.

• The warming rate observed above the temperature inversion at the base of the

mixed layer (∼ 50 m) in 2011 was 0.078◦C per year, based on the linear fit of

the data recorded by the deepest two thermistors installed below the KP1 methane

extraction platform. With episodic mixing to this depth, the effective warming

rate indicated by comparisons of historical temperature profiles is∼0.20 ◦C per

decade.

• Movement of the pycnocline boundaries (Table 4.1) has occurred. The upper py-

cnocline (currently 170 m – 202 m) has risen by∼16 meters and remained the

same thickness as in the 1970’s. The main pycnocline has beenstrengthened,

with the upper boundary rising minimally and the lower boundary having risen

∼24 meters from 286 meters to 262 meters. The lower pycnoclinehas similarly

been strengthened with the upper boundary remaining relatively stationary (with

perhaps 5 meters rise) while the lower boundary has risen∼ 17 meters.

• Lake Kivu cannot be considered to be in a steady state due to both upward motion

of major pycnocline boundaries and increasing temperatures throughout the water
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column.
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A. Lorke, K. Tietze, M. Halbwachs, and Wüest. Response of Lake Kivu stratification to
lava inflow and climate warming.Limnological Oceanography, 49:778–783, 2004.

T. Maongo. Some characteristics of aftershock sequences ofmajor earthquakes from
1994 to 2002 in the Kivu province, Western Rift Valley of Africa. Tectonophysics,
439:1–12, 2007.

G. Marlier. Recherches hydrobiologiques dan les rivièresdu Congo Oriental.Hydrobi-
ologia, 6(3/4):778–783, 1954.

124



MundoManz. Monthly Reports.http://www.mundomanz.com/meteo_p/monthrep?
l=1, 2006–2013.

Amisi Muvundja. Riverine Nutrient Inputs to Lake Kivu. Masters Thesis, (Fisheries and
Aquatic Science) in Zoology, Institut Superier Pedagogique de Bukavu, R.D. Congo,
September 2010. Reg. No. 2007/HD13/11068X.

F. Muvundja, N. Pasche, F.W.B. Bugenyi, M. Isumbisho, B. Müller, J.-N. Namugize,
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geochemical limits to internal nutrient loading of meromictic Lake Kivu. Limnology
and Oceanography, 54(6):1863–1873, 2009.

N. Pasche, M. Schmid, F. Vazquez, C.J. Schubert, A. Wüest, J.D. Kessler, M.A. Pack,
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