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Abstract

To investigate changes in the temperature and stratificatimcture in Lake Kivu, we
have installed a string of temperature recorders and pegdiICTD casts. The obtained
data have been compared to historical profiles and the hdgebior the lake was ana-
lyzed.

Lake Kivu is a meromictic lake characterized by an anomateosperature distri-
bution with a temperature minimum close to the base of thewedly mixed layer.
Warming rate at the depth of the temperature inversion isistent with the historical
warming rate of the surface layer ©00.14+0.02°C per decade. Deep waters (greater
than 350 m) exhibit variability in temperature and are cotlyewarming at a rate of
~0.04+0.02°C per decade based on the increase in heat content sincet@s ad
the increase in temperature seen in the deepest measusepatween our 2011 and
2012 profiles. The monimolimnion of Lake Kivu cannot be cdeséd to be in a steady
state.

The depth of wind-induced surface mixing during the dry seasries significantly
between years. Mixing to 80 m (the present depth of the teatpex inversion) requires
continuous winds blowing from the south at 9-10 ni,swhereas typical wind speed

maxima are around 5-6 nt$and capable of mixing to around 65 m depth. Occasional



stronger winds cause episodic mixing closer to the invarsibich removes heat, but
this does not happen on a regular basis. As the temperatamsion in recent historical
profiles has been as shallow as 65 m, mixing to the inversipthde possible during
years with stronger than average winds. With heat diffusavgards the temperature
inversion from both above and below, the temperature atversion will continue to
rise, resulting in a reduced transport of heat out of the aesprs that will increase the

rate at which the water column is warming.
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Introduction

The warming of the surface waters of many East African lakes the last century
(Verburg and Hecky, 2009; Rosenzweig €tlal., 2007) has itapbconsequences for the
lakes’ physical and ecological structures, as well as thpaifadions that rely on the lake
resources. Among the East African lakes, the meromictieligiku is unique and of
particular interest due to the presence of a persistentdeatyre inversion in its water
column, as well as high concentrations of dissolved metlaaecarbon dioxide in the
deep waters (Degens and Kulbiaki, 1973; Tietze =i al., 119888 gas accumulation is
both a valuable economic resource to the area and a deaéét tbvidenced by the catas-
trophic limnic eruptions in Cameroon at Lake Nyos in 1986x®aand Kapila, 1989)
and in Lake Monoun in 1984 (Sigurdsson etial., 1987). At thakes, large quantities
of CO, gas exsolved into the atmosphere from the deep water aradl Kithrough as-
phyxiation)~1,700 people and 3,500 livestock in the surrounding valfdyake Nyos
and 37 people in the valley surrounding Lake Monoun. Warnahgake Kivu's wa-

ter column poses several risks: warmer water can contamdessolved gases, and



changing physical stratification may affect the mixing negiand rates of heat, nutrient,
and gas transport through the water column. Quantifyingraaditoring vertical heat
fluxes are therefore important for the long-term stabilityhe lake and its gas reserves.
However, accurate estimations of heat fluxes at a free sudee difficult to calculate
(Calder and Neal, 1984; Lallemant et al., 1996; Staley anidalul97?2) due to variabil-
ity in cloud cover, surface water temperature, air tempeeahear the surface water,
wind speed, humidity, evaporation, and rainfall throughtbee year. As a result, esti-
mations of these fluxes are made based off of the regionahgesy which introduces
large uncertainties (Venalainen et al., 1999). Thesenasts are further complicated
when data is limited and significant variability exists frame year to the next in local
weatherl|(Finch and Calver, 2008). In Lake Kivu, this vafigibaffects the depth of the
inversion from one year to the next (Schmid and Wilest,2012)

This work aims to:
guantify heat fluxes to the lake surface and the currentlgesi inversion depth, com-
pare the warming rates with that of other African lakes, asttheate water column sta-
bility to determine the energy input needed to mix the watdnimn to the temperature
inversion depth. Lateral and temporal variability in thenperature and conductivity
profiles are examined to quantify the changes in temperatedepths of the pycno-
clines to identify possible sub-surface inflows, and gasight into the overall water

movement in the water column.



1.1

Objectives of this Work

The specific objectives of this work are:

1.2

H1:

To quantify the long-term trends and short-term variapilitthe lake’s heat con-

tent and physical stratification.

To quantify the changes in temperature at key depths in therealumn, includ-
ing at the base of the mixolimnion, at the depth of tempeeatowrersion, and in

the deep waters below the primary chemocline.

To estimate the heat fluxes near the depth of temperaturesioneto verify pre-
vious suggestions that mixing down to the inversion occpisaglically and to

constrain the heat budget for the lake.

To estimate the heat fluxes across the free surface of theédakan insight into

whether the heat budget of the lake is balanced.

To investigate the spatiotemporal variability of the tenapare and conductivity
profiles in the lake, including in the deep water, to gainghsiinto the deep

mixing processes and the contributions from deep heat esurc

Hypotheses

The temperature in the mixolimnion, down to the deptheofiperature inversion,
has been increasing over the past 40 years at a rate ofO.fdr decade, consis-

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

3



H2 :

H3:

is consistent with heat transfer predominantly from thecsjpiere, rather than

from deep heat sources.

The deep water is warming due to a combination of increpgas content, warm
subsurface springs, geothermal heating from the volcamsmband reduced up-
ward heat transport from the warming occurring at the teatpee inversion

depth.

Mixing to the depth of temperature inversion does notuo@yvery year. Occa-
sional drier and windier conditions may cause deeper mixitag can remove
heat from depths near the temperature inversion, and thusféect the rate of

heat removed from the deeper waters.



Background

2.1 Lake Kivu: General Information

Lake Kivu is the smallest of the African Great Lakes. It lies the Albertine Rift
and has a lake surface area of approximately 2659 (@870 kn? excluding islands)
and a catchment area of approximately 700¢ kinis situated between°84'25” and
2°29'40” S latitude and between 281'4” and 2922'38” E longitude, on the border
between Rwanda and the Democratic Republic of the Congooflyesurface outflow
to the lake is the Ruzizi River, which has 3.0 kn? yr~! discharge feeding into Lake

Tanganyikal(Schmid and Wilest, 2012; Muvuhdja, 2010).
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Lake Kivu differs greatly from other African Great Lakes liyvolcanic origin, high

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

physico-chemical properties of its wat

ot (Degens and Kkl

19731 Schmid and Wil
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2012;) Damas, 1937). Resting at an altitude of 1463 m, Laka Isilocated significantly
higher than any other of the Albertine rift lakes; it liesween three mountain chains:
the Mitumba Mountains in the west, the Rwandan dorsal in #s @Muvundja, 201.0),
and the Virunga Mountains to the North (Halbwachs et al.,2200he Virunga moun-
tains include several active volcanoes, two of which aratied within 25 km of the lake
shore near Goma, DRC. These two, Mt. Nyiragongo and Mt. Nyagita, account for
nearly 40% of Africa’s recorded volcanic eruptions and ditevery active today.

Lake Kivu can be separated into five primary basins (Dam&37)18nd the Bay of
Kabuno, the later connected to the rest of the lake via ashaill of approximately 11
m depthl(Schmid and Wilest, 2012). The land surroundingtteedonsists of steep hills
and mountain sides which are eroding with landslides anshseiactivity (Maongo,
2007). The lake is fed by 127 surface streams (Muvundijal e2@0D9; Muvundija, 2010)
and has several small surface hot spring runoff inflows. myuthe wet season, oc-
casional rivers flow into the lake through the town of Bukavutbe southern end at
times of high precipitation (Muvundja, 2010). Importantiubsurface springs so far
found mostly along the northern shore enter the lake at wardepths, affecting the
lake’s water budget and stratification (Degens and Kulbit&i73;/ Schmid et al., 2005;
Bergonzini) 1998).

The climate in the Kivu basin is considered tropical, wittbag wet season extend-
ing from September through June — with several shorter sedassifications —and a dry
season from July through August. The rainiest month is Apitih an average o&~200
mm of precipitation to the lake surface (as measured on théhNdade of the lake) and

~190 mm on its watershed (Bergonzini, 1998). A short dry seasd-ebruary exists



with precipitations of between 130 and 140 mm per month. édity season, precipita-
tions are only around 27 mm per month on the lake surface aman2per month on its
watershed.(Bergonzini, 1998). During the long dry seasaly @ September), strong
winds blow from the South, which aid in mixing the surface @vaas evaporation cools
the water in the epilimnion down to between 40 and 60 m — andsicnally as deep as
80 m. The total rainfall estimates are between 1300 and 150(ar year|(Bergonzini,
1998; Schmid and Wilest, 2012). The hydrology of Lake Kivan&ntained by the pre-
cipitation, since the catchment area consists of mainlyllsmauntainous tributaries
(Bergonzini, 1998; Marlier, 1954) aside from the North enldichk is drained through
sub-aqueous inflows into the lake.

Like other African Great Lakes, Lake Kivu is vulnerable tanan activities such
as the increasing subsistence agricultural activitierdstation, and urbanization. As
deforestation leads to soil erosion and landslides (Jomeésan der Walt, 2004) into
the lake, increases in nutrient inputs to the lake have oedujBootsma and Hecky,
2003). Industrial activities consist mainly of two breve=riand some processing of
agricultural products, primarily tea, coffee, and quinfMuvundja,l2010). Rivers and
streams which drain into local lakes (including Lake Kivug aery turbid and brown-
colored due to the abundant phytoplankton and suspendediormatter; this is a re-
sult of agricultural activities and further contributestb@ nutrient inputs into the lake

(Lejeune and Frank, 1990).



2.2 Stratification

The lake surface water has an average temperature of@3Sarmento et ali, 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; Lotk £2004) and seasonal
convective mixing of the surface waters extends only to ab6un depthi(Tietze et al.,
1980). Below the seasonal mixing depth, several tempergtadients define the profile
of the water column. At approximately 80 m depth, an inversiocurs in the tempera-

ture profile, below which the temperature increases withidapthe lake floor.

2.2.1 Inversion in temperature profile

The increase in temperature with depth in the deep watenuobf Lake Kivu is anoma-
lous. Typically, due to warm water being less dense thanecaghter, lakes stratify so
that the temperature decreases with depth. The increasenpetature below 80 m in
Lake Kivu is caused mainly by sub-aquatic flows (Degens andikki, 1973) of the
volcanic basin. The stability of the water column is maingai by the increase in water
salinity with depth This chemical profile is defined by the centrations of dissolved
salts and dissolved gases that increase with depth. Caoatiens of salts, primarily bi-
carbonates of magnesium, potassium, and caldium (Schraid|8002), increase from
the surface concentration efl g I"1 to ~6 g I"! at 450 meters depth. The dissolved
gases of primary concern are carbon dioxide and methanénavetdissolution causes
a slight decrease in density (due to a negative contractiefiicient in water), whereas

dissolved CQ increases density (Schmid et al., 2002; Wilest et al.,|1996)



2.3 Components of the Heat and Water Budgets

A lake’s heat budget is affected by several heating and ekgahechanisms. Being lo-
cated just south of the equator means that Lake Kivu receivesar constant rate of
incoming solar radiation year round above the clouds. Thethd® which the photo-
synthetically active radiation (PAR, which is mostly visbight) penetrates is around
22 meters, at which point the light intensity is about 1% @f ¥lalue at the lake surface
(S. Crowe, unpublished). Liquid water gains energy (andeioee heats up) primarily
through vibrational transitions caused by absorption erthid-infrared (i.e. longwave)
region of the electromagnetic spectrum. This spectrabregorresponds to wavelengths
between 6000 nm and 3000 nm. Since the attenuation of thesdemgths in water is
much greater than PAR, heating of the surface waters djr&otin incoming radiation
is very limited in depth, and thus any temperature increabssrved deeper are a result
of heat transport from the surface downward.

Both emission and absorption of thermal radiation by the Elface are character-
ized by a blackbody radiative spectrum, which depends ompéeature and emissivity.
The Stefan-Boltzmann law states that the total energy tedliger unit surface area per

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

jo = eaT? (2.1)

whereo=5.67108 J s m—2K 4, the Stefan-Boltzmann constant, T the body’s tem-

perature in Kelvin, and is the coefficient of emissivity.

10



Small adjustments need to be made to the Stephan-Boltzraarto bccount for the
emissivity of lake water, which is only 3% different from aérblackbody. Quantifying
the atmosphere’s downward radiation into the lake, howévenore complicated. Vari-
ations in cloud cover, temperature, and humidity need tabsidered.(Lallemant et al.,
1996). The coefficient of emissivity for the atmosphereesmas temperature, humidity,
and pressure changes occur, whereas the lake surface sehaiconstare = 0.97.

Heat is lost from a lake surface through the energy traresidoy evaporation. The
evaporation rate increases with wind speed (Yu, 2007). d$edf energy from the lake
associated with evaporation is found through considehieghergy to be the latent heat
of vaporization. Other sources of heat energy include maaster from the surrounding
land and the air immediately above the lake surface throegl ¢tonduction. The lake
sediments may add heat to the water column if they are walmarthe water. Likewise,
warmer water will cool down on contact with cooler sedimeisnilarly, a warmer sur-
face water will conduct heat into the atmosphere. As the \eaanr rises from the lake
surface, a convective process removes heat from the laké&ce. As wind blows over
the lake surface, it increases heat exchange, a processltypeferred to as sensible

heat loss.

2.3.1 The water budget of Lake Kivu

Table[Z.1 summarizes the rainwater runoffs and river flows rake Kivu, compiled
from literature sources. Rainwater runoff into the surfaes estimated to be2.4 kn?®
yr~1 + 10% (Muvundja) 2010) with an additional 1.3 Rrgr—1 input due to the sub-

surface sources assumed to be primarily in the Goma-Nymg@ecegion at the northern

11



end of the lake (Schmid etlél., 2005). Temperatures of tlee mflows (Muvundja et al.,
2009) range between 166 and~22°C. Precipitation of-1.4 m yr1 (Muvundja et al.,
2009; Muvundja, 2010) at the lake surface (2365 koontributes the additional 3.3 Km
yr~1. Evaporation and outflow estimates based on data of the Gesgyélydropower
Companyl(Muvund,a, 2010) from the Ruzizi dam flows and Bergmr{1998) yield 3.6
km?3 yr—1 outflow. This outflow combined with the 3.4 gr—! evaporation (Muvundja,
2010) account for a total loss 6f7.0 kn? yr—1, leading to an approximately balanced

water budget.

Table 2.1 Water budget, inflow and outflow estimates for LakeuKTietze, 2000;
Kling et al.,[i2006| Muvundja et al., 2009).

Water Budget Source/Sink | Amount inflow/outflow
2.4 knP yr—t

Runoff from catchment (18.0°C to 23.2C)

Preciitati ‘ 1.4myri

recipitation at surface 33 kndyrt

Subsurface inflows 1.3knPyr

Total Water Input: ~7.0knPyr?

Evaporation 3.4kmPyrt

Outflow Ruzizi 3.6knPyrt

Total Water Loss: ~ 7.0k yr-t

12



Methods

3.1 Sampling and measurements

3.1.1 CTD Profiles

Conductivity Temperature Depth (CTD) profiles were recdratethe water column of
Lake Kivu in January 2011 and February 2012 at multiple iocat Times and locations
of the CTD casts are summarized in Tabld 3.1. Fifurke 3.1 gesva visual of the sam-
pling locations overlain onto a map of Lake Kivu. The locagdabeled CTD3-CTD6
are referred to here as the Kibuye transect. CTD1 and CTD#@ teken at approxi-
mately the same location in the deep basin, referred to IsetleeaMaster Station (MS).
Profiles labeled CTD8-CTD12 represent the 'near-shoreséeth The location labeled
SF12 is where all 3 of the 9 February, 2012 profiles were takem(the Rwandan
Energy Corporations (REC) platform). A Garmin 60CSx haetlfGPS was used to

record the profile locations.

13



Table 3.1 Table of Locations, Times, and Conditions assediaith the profile names

in Figurel31
Profile Name| Date Time Longitude Latitude Conditions
Calm but hazy,
Jan 06, 2011 wind waves
TD1 (M ’ 29°12' 30" E 1°46’ 60"
c (MS) 7h10 91230 6'60"S picked up at
Jan 06, 2011 14000
CTD2 17h00 29°15’'25.6"E | 1°45'32.7" S| Calm
CTD3 gf}‘ggz 2011 1 oor1517.0°E | 1°48' 19.9" S| cam
CTD4 ;";‘3?7' 2011 1 oor1571.9°E | 1°52'49.1" S| cam
Jan 07, 2011 , ” g » | Calm entering
CTD5 9h30 29°16'35.3"E | 1°57'36.1" S Kibuye Bay
Jan 07, 2011 , " oas " Calm In
CTD6 10h40 29°19°'16.4’E | 2°1'21.6” S Kibuye Bay
Jan 08, 2011 Y A . Master Station
CTD7 (MS) 13h30 29°12’ 30" E 1°46’ 60" S Deep Cast
Location of
KP1 Jan 07,2011 | 29°14' 14.9"E | 1°43' 29.9" 5| | nermistorson
KP1 extraction
plant
CTDS8 29°12'56.9"E | 1°45’55.4"S
CTD9 Jan 09, 2011 29014, 11.3”E 1045, 17."8 S| Windy all day on
CTD10 16h00 - 18h00 29°14'56.1"E | 1°45'0.2"S | casts from Maste
CTD11 ) 29°15'50.1”E | 1°44’ 455" S| Station to shore
CTD12 29°16'4.6" E 1°44’ 37.6” S
Installation site of]
PLWS Jan 07,2011 | 29°19'51.18" E | 2°4° 20.4” s | the weather statiol
on the Contour
QloRabparcsite o
Feb 09, 2012 , " 0 Ao " - '
SF12 9h00 - 14h00 29°14' 341" E | 1°43'55.9” S| 2012 profiling loca1

tion
* Profiles taken at what we considered the Master Station (M&}ing of the boat

during profiling means the coordinates may differ slightyni those given.
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Figure 3.1: Map of the locations of the 12 CTD profiles takerdamuary 2011 and
February 2012, and the thermistor string at the KP1 methginaation platform in the
northern part of Lake Kivu. The location of the PortLog wesathtation installation site
is also indicated (PLWS).

15



Figure 3.2: The Sea and Sun CTD 90M probe used to obtain waffleemperature,
conductivity, and dissolved oxygen concentration in Lakeuk

Conductivity-Temperature-Depth profiles were taken ugimge different CTDs.
Two Sea and Sun profilers (a CTD60 and CTD90M (Fidure 3.2)pwitized for most
of the profiles, and one profile was obtained using an RBR XRB{égger. Sampling
devices were attached to a winch that could either be opgkvata an electric motor or
by hand (Figuré=313). Galvanized steel aircraft cable withiamneter of 3/32 in. was

used to attach the CTD to the winch system. Most of the profiese taken using
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the hand operated setup for the winch for better control efrétte at which the CTD
was lowered. Typical rates for lowering were between 0.7@&8dm st. Depth was

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

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

3.1.2 Array of temperature recorders

A string of Onset U22 thermistors (Figure13.4) was instatedthe KP1 methane ex-
traction platform (-243’ 56.445” S, 2914’ 34.2456” E) on January 9, 2011. A total
of 19 thermistors were programmed to record the water teatyer at depth intervals

of 3 meters between 6 and 60 meters depth every 20 minutedod#igon was chosen
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for the convenience of access and security of the equipri&etU22 thermistors have

a resolution of 0.02C, making them capable of measuring the changes in temperatu
in the mixolimnion of Lake Kivu. The relatively low accura¢9.2 °C) makes compar-
isons between individual thermistors ambiguous when teeiperature differences are
smaller than 0.2C. Accordingly, corrections were made post deploymentt Begloy-
ment corrections for the 2011 season were performed by $dof&ally Macintyre and

Javier Vidal (University of California, Santa Barbara).

Figure 3.4: Example of the 19 HOBO Onset U22 temperaturedmmygsed on the ther-
mistor string at the KP1 methane extraction plant in the uppen 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-saiaduictivity measured at
the in-situ temperature. Conductivity of water, like tho$enost substances, varies as a

function of temperature, so the temperature associatédaeaith conductivity datum is
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essential to correctly compare among different profilesit}m962). Proper compar-
isons therefore require a common temperature for the psp8le conductivity data are
commonly adjusted to a fixed temperature. Measurementsnafumbivity made using
the same CTD in the water column with constant — or at leastyneanstant — temper-
ature can be compared without this correction.

A common temperature-conductivity relation is for A8 pure water at atmospheric
equilibrium, setting the standard agrhho cm? (0.8-1:10~® mhos depending on con-
ditions) (Washbuin, 1918; Smith, 1962). The three most coniynused temperature
standards today are &, 20°C and 25°C. The conductivities are then referred to as
K18, K20 and K5, respectively. Since some available historical data wéesady ad-
justed to 20C (Lorke et al., 2004), the temperature chosen for our psotilas 20C. A
linear adjustment of resistivity (the inverse of conduityivis usually good enough over
small enough temperature ranges, giverRy) = Ro(1+ o (T —Tp)). Applying this
to conductivity in our profiles, we have adjusted the contitgtcoefficient of resistiv-

ity, a, for water in our temperature range given by the methad ofl®&ivz (2008):

Kt
1+0.0194T —20))

K20 = ( (3.1)

wherekr is the recorded in situ conductivity, 0.0191/k] is the average value for
the temperature coefficient to correct ta”20in waters with the temperature range of
interest, and T is the in-situ temperature’@. Similar adjustments are made to correct
to either 18 or 25C (Smith,1962), with the only change made to Equdiioh 3. /ahee

of the temperature coefficient for the desired temperataredsrd.

All of our profiles were individually corrected. The averaafehe profiles was also
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computed using Matlab and adjusted to°Z0) A resolution for the average of 0.05 me-
ters was chosen based on the fall rate and sampling frequéribg CTD. Results of
the Sea and Sun CTDs were compared with the single cast ofBReGI D to check

for consistency.

3.2.2 Salinity and Density Profiles

Estimations of the salinity are required to calculate wdtarsity, which determines the
stability of the water column. The density of the water at\segidepth is determined
by its composition and temperature. The density in the uppéion of the water col-
umn in Lake Kivu is governed primarily by temperature anasgi with gasses having
only minor contributions above the temperature inversieptd. This allows for calcu-
lation of the density by standard methods. The surface vehteske Kivu (above 50 m
depth) has relatively low salinity, variations in its degsre primarily due to tempera-
ture. Salinity increases the density of the surface wateake Kivu by about 0.1 g m®.
Chen and Millerol(1986) suggested an empirical expressiothe density of water to

a precision of better than®0-6 g cm3:

po(g cm3) =0.9998395+ 6.7914- 10~ °T — 9.0894- 10 °T?2
+1.0171-10 ‘T3 - 1.2846-10 °T%
(3.2)
+1.1592-10 1175 50125 10 1416

+(8.181-10 %~ 0.85-10 °T +4.96-10 8T?)S
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Here, T is temperature itC and S is salinity in grams of dissolved salts per 1 kg of water
Application of Equatioi:312 is valid for waters with saliei less than about 0.6 g kY
(Chen and Millero, 1986; Wilest etlal., 1996). Effects duthtocompressibility of wa-
ter under pressure were ignored as negligible in compatcstire uncertainty in density
expected due to increasing concentrations of dissolveskgamd instrumental accuracy.
The salinity profile was estimated from conductivity measoents and is shown in Fig-
ure[ZH. Multiplication by a conversion factor f1.024 gkg~*-cmmS~! was used to
calculate salinity (fronkyg) in the upper 250 m of the water column. This factor was
derived from the first order coefficient resulting from thethoel ofl\Wilest et al! (1996)
for converting conductivity to salinity. The ionic conceations ofl Tassi et all (2009)
were used for the calculation of the conversion factor. 8260 m depth, the signif-
icant increase in the quantity of disolved €@sults in larger proportions of carbonic
acid in comparision to other dissolved substances. Thigease results in a first order
conversion factor 0f-1.096 gkg~t-cmmS1.

The density of the profile calculated due to the effects ofoerature and salinity (Equa-
tion[3.2) is shown in FigurEZ3.6 and compared to the denistfilps ofl Schmid et al.
(2005).

21



[

(=]

o
T

—— CTD7 (this study) -
Schmid ‘04

Depth [m]

350

400

450 1 1 1 1 1
0 1 2 3 4 5 6

Salinity [g kg ]

Figure 3.5: Approximate salinity of Lake Kivu based on thedactivity profile taken
at the KP1 methane extraction platform. Calculated as dhestin sectiof 3.212. A
comparison with the profile of Schmid et al. (2002) is madeéberence.
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Figure 3.6: Approximate density profile in Lake Kivu caldgd from the temperature

and salinity profiles of CTD7. Comparisons with the profiléSohmid et al.|(2002) is
made, which account for density contributions from disedlgasses (C£and CH,).
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3.2.3 Pressure to Depth Conversion

As the CTD records pressure (in dbar) rather than depth,ract@mn has to be made to
obtain the true depth. To obtain the proper depth from thesume measurments then

requires using the hydrostatic principle with an accuratesiy profile:

h
P(h) = [ p(RST....) gy (3.3)

where PY) is the pressure at depttandp (P, S T, .. .) is the density of the water column
at depthh, dependent on Pressure, Salinity, Temperature, and agsaived substances
(such as the C®and CH, in Kivu). The interdependency of density on pressure and
pressure on density make application of Equdiioh 3.3 diffitiowever, under the range
of densities in Lake Kivu of approximately 998 kgthto 1002 kg n3 (Tietze, 1978;
Schmid et al.l 2002), arn-4 kg m2 difference exists between the surface waters and
bottom waters. This means av0.4% maximum error may exist in reported depth by
ignoring density variations. At a depth around 200 m thisitesn an uncertainty of
+0.8 m, and at 400 m a value &f 1.6 m. An additional uncertainty from the accuracy
of the CTD adds another 0.1% error to the depths (that is @an6tR m at 200 m depth),
for a total of+1-2 m depending on depth in the water column.

As in-situ measurments of density were not made, other ndstheed to be applied
to obtain the depth. A common approximation used to conversgure to depth is
made using a correction factor: multiplying the pressurears by 1.0197 (i.e. a
1.97% adjustment)_(Fofonoff and Millard|Jr., 1983). Thigepximation works well
when the assumption of relatively low salinity (i.e. a ngadnstant density 0f1000

kg m~3) and mid-latitude lakes near sea level can be made. As ther dansity 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,g Variations in g closer to the equator and at
higher elevations are made by considering the Earth to b&trrg oblate ellipsoid and
applying a free-air correction for elevation. The resugtexpression for g is given by

the 1967 Geodetic Reference System:
. . m
Jp= 0o [(1+asi’@— Bsirf2- @) —y-h] [?] (3.4)

wherego = 9.78031846 m=?, a = 0.00530243 = 0.0000058, angf = 3.155<10~7.

Applying Equatior.3 M gives a value fgrat the altitude and latitude of Lake Kivu
(taken to be 2S) to be approximately 9.77 nT4& To obtain a better factor for the
pressure dependent depth conversion then requires applicd Equatiori-313 with the

assumption of an average water column denpgityhe depth is then given by:

d = w [m| (3.5)
P -9
Applying Equatior.3b to Lake Kivu results in a conversiontéa of ~ 2.34%, which
was used insted of 1.97%. An additional minor correctiorpi@ssure used in oceanog-
raphy is to add an additional 1.0996.P to Equatiofi.:3]5 to account for the compress-
ibility of water (Fofonoff and Millard Jr., 1983). As the maigude of such a correction

is smaller than the expected uncertainty in depth, suchreciion has not been used in

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

Heat exchange across the free surface of a lake consistaofradiation flux (Q), in-
coming thermal radiation from the atmosphere,(}Q outgoing thermal radiation from
the lake surface (Q,), sensible and latent heat fluxes.(&nhd Q), and heat input from

precipitation (Q). The total heat budget (€ is then:

Qr=Qs+Qu, + Qo + Qe+ Qe+ Qp

An annually balanced budget would mean a seasonally ave@gef 0 W m=2.

3.3.1 Heatloss due to evaporation

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

from the specific latent heat of vaporization:

Qe = LHzopsurface'Ve (36)

where Ly,0 is the latent heat of vaporization for waterjs the density of surface water,
and \; is the volume of evaporated water. Quantities used fgaké based on past

estimations of the water budget (Tablel2.1).
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3.3.2 Long-wave Thermal Radiation Heat Fluxes

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

face temperatures of Lake Kivu using the Stephan-Boltznegiation for gray-bodiés

Q. = e0T? (3.7)

whereg is the greyness coefficient (emissivity) for the emittingace, o is the Stephan-
Boltzmann constant, 5.620°% W m? K4, and T is the absolute temperature (i.e. in
Kelvin) of the emitting body. Radiation is considered “lewgve” if it falls between
visible light and microwaves, having a wavelength typicaktween 5 and 2Fm. For
the long-wave radiation energy loss,,o is taken to be 0.97 (Warnecke el al., 1971).
This is the standard value for liquid water (Robinson andi€av1972] Davies et al.,
1971; Muvundija, 201.0).

For the thermal radiation recieved by the lake from atmospleenissions, the emis-
sivity coefficient,e,;,, is more difficult to estimate, as the atmosphere is a gasalwh
temperature and pressure effects are importaegjo(Swinbank| 1963; Jiménez et al.,
1987). The radiation in air does not come from a surface, asliguid or solid, but
rather from gas molecules, water droplets, and aerosokri@us altitudes and temper-
atures throughout the atmosphere above the lake surfaeySind Jurica, 1972). The
temperature for the atmosphere’s emission is taken asrhget@ture at approximately
2 meters above the water surface. The long-wave radiatwesfier from the air to the

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

LA gray body radiates with a similar spectrum to a blackbodythe total radiated energy is reduced
by some factor of emissivity based on its composition.
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Qun = £ir 0 Ty, - (1+0.176%) - (1~ R(Iw)) (3.8)

where Tairz is the air temperature [KJ3 is the fractional cloud cover,{Rw) is the total
reflectivity of the water surface for long-wave radiatiomelemissivity of the aig;,, is
temperature dependent. It also depends on the partialpesssthe water vapor in the
air. An alternative to using the vapor partial pressureseutige conditions of varying
humidity is to use an approximation feg;, (Swinbank| 1963) that uses a dimensional
empirical coefficient, €, (in units of°C~2) and thus makes the emissivity of air directly
proportional to temperature squared. The dimensional ecaptoefficient depends on
several factors, however, in practice is typically takebécan average value for the as-
sociated range._Jacqueat (1983) gives a range farf®.90610° to 0.99910 ° °C—2
while Blan¢ (1985) gives a mean value of 0.9B8° °C~2. In the estimates made from
our data, the average value of 0.9B8° °C~2 was used. The effective emissivity is
then:

2

airp (3.9)

For the temperature of the air near Lake Kivu's surface, egniB.9 results in a value
of & = ~0.80 at the current average air temperatures of@§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, windch@at conduction to the air
from the lake surface can be found using the model of ImbexgdPatterson (1981),

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

QC = CSCpair pair Usom (Tair r— Twater) (310)

Here,

Csis the stability dependent bulk coefficient of sensible hieatsfer,
Coyir IS the specific heat capacity of air at constant pressure,
P4y is the density of air — taken to be 1.2 kg fp

U,om IS the wind speed at 10 m above the surface,

Tajr. is the dry bulb temperature of air at the water-air interface

above the water surface,
and Tyateris the surface water temperature.
Csis taken to be 1.402, and the specific heat capacity of air is approximately 1003 J

kg~ 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 dakface were calculated
based on arunning 19-year average of 24-hour mean Glob&ld#al Irradience (GHI)
data available on the SolarGIS database (Sol,12011). Thewvalvailabel were reported

as the region averages in kwiimr 2. These values were converted tordv 2 by simply
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dividing by 24 hours. GHI accounts for the total amount ofrslvave radiation received
by a horizontal surface near the ground — including bothctlinermal irradiance and
diffusive shortwave horizontal irradiance due to dispmrdiy clouds. Here, shortwave
refers to the near infra-red, visible light, and near ulti@let radiation region of the
electromagnetic spectrum, ranging from 200 nm to 3000 nrrorining solar radiation

is taken to be mostly in this range, as the Sun emits mostistwhwe radiation.

3.4 Meteorological Data

We installed a PortLog portable weather station on top obeage container located
on the Contour Global work site (Figute B.7 &ndl3.1) to colkesic meteorological
data, such as temperature and wind speed throughout thesnseaData collected in-
cluded ambient temperature, relative humidity, averagenaaximum wind speed, rain-
fall, barometric pressure, and solar radiation. The dewiae programmed to take mea-
surments every 60 minutes. Unfortunately, when the stodagie became completely
filled with data, the data became corrupt. As a result of thisife, the wind speed data
and temperature averages were obtained instead from threniaftion available online.
The information came mainly from the nearby weather obsemaystems based at

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

Silicone tubing samplers were designed to measure thapartissures of the dissolved
gases in Lake Kivu. The design was based on a saturated sgilesa/Klefoth et al.,
2011; Jacinthe and Dick, 196) and the pressure measuréssantque used hy Evans et al.
(1993) for determining the Cf£xoncentrations in Lake Nyos, Cameroon. Samplers con-
sisted of lengths of silicone tubing of outer diameters: ¢ @amm (Figure??). The 4

mm OD tubing had 1 mm sidewall thickness; whereas the 7 mm ®@Ddgthad 1.5 mm
sidewall thickness. The ends of the tubing were cleaned sathropanol and allowed

to air dry. Once dried, one end was plugged with fresh sikcand allowed to cure.
The other end was then capped with a luer 3-way stopcock #ratified a syringe to

be connected to collect the accumulated gases. The sanm@ezdested in lab using a
pressure chamber and a €€burce. The C@pressure in the chamber was controlled
at the gas cylinder’s pressure regulator valve and verifyeti® pressure gauge installed
on the chamber (Figufe_3.8). The samplers were submergeatar within the chamber
and the water allowed to saturate with the gas at known pressa gentle shaking of
the chamber every few minutes to dissolve the,@fas into the water. The silicone
walls of the tubing allowed the gas to diffuse inside untd gas phase inside the tubing

was in equilibrium with the dissolved gas in the ambient wate
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Figure 3.7: PortLog portable weather station installed Kelauye, Rwanda.
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Figure 3.8: Pressure chamber and gauge used in testinditomsitubing gas pressure
samplers.

Deployment of the samplers in Lake Kivu was performed bycaiteg the silicone
tubes to a 3.5 mm nylon cord with a quick release loop. Adddlly, a zip tie was
looped through the samplers at each loop to secure the ttiothg cord while ensuring
that the connection was not tight enough to result in congiwesof the tubing as gases
expanded during retrieval. The luer locks were tied shutrévgnt their opening while
being lifted back up through the water column. Syringes vigstalled on the threaded
port to the luer locks and the locks opened as soon as possibéeon deck to allow the
pressure from the expanded gas inside the tube to force thgsyplunger out. Once
the syringes had expanded completely their plunger displ@ns were recorded. Sam-
ples of the gas were also taken in septum capped vials foysiaal

Initial deployment in Lake Kivu consisted of four tubes damd at 60 m depth for
one-half hours on January 5, 2011. Upon recovery, it wasddliat not enough gas had
diffused into the tubing to be measurable with a 20 ml syrir@e January 6, the tubing
was deployed for 2.5 hours (8h40 to 11h10) at 70 m depth. Wniately, the valves
had opened up while being lifted through the water columntbedaptured gas escaped.
The tubes were redeployed at 11h25 at 80 meters but had tadeered shortly after-
wards due to high wind, and no gas was collected. On Janu&up&s were deployed at
depths of 80 meters, 110 meters and 140 meters, with thréeatetubes at each depth.
Again, strong winds prevented lengthy deployment (13h5B4w20) and high drag an-
gle meant the tubes were not as deep in the water as measutieel tyrd length. The

reported depth has been corrected for this error as bessagbf Not enough gas was
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collected to push the syringe plungers out for measuremBbietgertheless, hissing was
heard, indicating both that gas was being released fromuthiad, and that the tubes
were deep enough to allow the dissolved gas to diffuse anghadate inside. Finally,
on January 9, the tubings were deployed for 35 minutes. Defp wind, the average
rope angle allowed for estimation of the deployment deptli®ad meters, 130 meters,
and 138 meters. Physically measurable quantities of gas eleained from the tubing

upon recovery.

3.6 Simulation of a limnic eruption in lab

Several approaches were used to simulate the limnic eruptimcess on a small scale.
A large beaker was filled three-fourths full with tap wate2@tC. The bottom fourth of
the beaker was slowly filled through polyethylene tubingwitater at 6°C, which was
enriched with CQin a bubble-chamber (FigukeB.9) immersed in an ice bath.riagg
with a long narrow needle was then filled with near boilingevatvhich was injected
into the cold bottom waters in an attempt to stimulate anteogy gas exsolution. In
separate experiments, the cold £ch water was made saline to increase the density

gradient. Additionally, several trials used surface watef5°C for the same purpose.
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Figure 3.9: Image of the bubble chamber created to disso¥eifto the water prior
to drip-feeding the water into the lower layer of the beakethe narrow tube which
replaced the beaker

In a separate set of experiments, the 25-cm tall beaker anoltbble chamber were
replaced by an 80-cm tall narrow plastic tube (see fifure))3.T8e cylindrical water
column could be capped to slightly increase the pressuredtier CQ dissolution. A
tightly fitting closed-cell foam cap was fit to the tube to ntain an increased pressure
as water was fed into the bottom of the column. Large quastdf salt were used in the
CO, rich water to increase the density gradient. After severaktwith this system, a
modification was made whereby, once the &phon was started, the cool water could
be fed by gravity through a small hole in the bottom of therayéir without having to
pass through the warm upper water (see fiflurel 3.11). Variantien triggers to bring
CO, out of solution were tried that included injecting boilingi®r into the lowest water
layer, initially through a small hole in the GQvater supply line and then by carefully
removing the supply line and replacing it with a hot waterawfl In a different approach

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

conglomerate chunks that were subsequently dropped iatwaker column.
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Figure 3.10: View of the bottom half of the tall narrower tukseed to replace the beaker
initially used in attempts to create a small scale limnig&nn.
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(b)

Figure 3.11: View of the bottom inflow created in the tall tulifefigure[3.I0 before
(a) and after (b) the cool salty GQvater was carefully injected underneath the high
column of warm tap water. In the lower left of the chamber &sitijection point where
polypropylene tubing entered through a hole and was pidbgealsyringe to inject the
near boiling tap water was to attempt a limnic eruption witthie tube.
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Results

4.1 Temperature distributions in the water column

Profiles of temperature obtained from the CTD casts in Jg2@t1 are shown in Fig-
uresiZ1l -F415. Figurds 4.4 apdl4.5 correspond to the Masitost Figurd 411 corre-
sponds to the long transect to Kibuye, and Fiduré 4.2 to tbe sftansect between the
Master Station and the shore (see Fiduré 3.1).

4.1.1 Temperature profile inversion

All profiles show the inversion in the temperature profile aiuad 78 meters depth.
Between the surface and 78 m depth, the temperature desmsabkealepth, following a

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

Temperature variations below 78 m depth indicate a stepdikatification: regions of
strong temperature gradients are inter-spaced with regibweak gradients. Our pro-
files do not extend all the way to the lake floor; however, a gaghtemperature increase
is assumed to continue past the deepest temperature meast(@6.0C at 417.9 m)
in the profile of CTD7 (deepest) to the lake floor. The firstistygradient, betweer
170 and 202 m, is referred to here as the upper thermoclinetérhperature increases
gradually down to a depth ef 250 m, at which depth the largest change (sharpest gra-
dient) exists at the primary thermocline, having-ai.0°C temperature increase occur
over~ 12 m (down to 262 m depth). Another gradual increase occwsido 300
m, followed by the second strongest gradient at the lowemntbeline with~ 0.5°C
increase from 301 to 331 m depth. A small thermocline bel@aldlver thermocline of
0.23°C increase exists between 368.5 and 403 m depth.

The positions of the thermoclines coincide with the safifdiensity) gradients. Their

posistions are summarized in Tablel4.1.

Table 4.1 Depths of the major pycnoclines in Lake Kivu

. Depth | Temperature Change | Temperature Gradient
Pycnocline 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 profileemwcompared across the lake.
Lateral variability in the depth region between the seaktremocline ¢ 35-40 m
depth) and the temperature inversion depth is on the ord€.Gdf°C (Figure[4.B),
whereas in the region between the inversion and 120 m dejstbitthe order of 0.005
°C. Between 120 m and the upper pycnocline, profiles takenffareint locations can
vary by ~ 0.01°C. This variability is determined based on the standardaden of
the Kibuye transect temperature profiles (Fiduré 4.3), &adlyl 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 2@t at the REC
platform (SF12 and Oct12 in 2012) show several prominenatigexcursion in tem-
perature. One of these negative excursions appears neaid@@tim Another negative
excursion in temperature appears in CTD1, CTD7, and CTDSdlibsest profile on the
Near Shore transect to the MS) and the 2012 profiles at ther iggpedary of the pri-
mary pycnocline (at-248 m). Negative excursions that appear in only the profiksrt
at the REC platform in 2012 appear at 160 m, 170 m, and 284 mhkirugey and at 125
m, 165 m, 170 m, 230 m, 294 m, and 298 m in October (Figure 4.8gs@ features
do not appear in the other CTD profiles; however, the neaeshansect profiles do not
go into the deeper waters to observe the negative excursidesnperature that were
detected in the 2012 profiles. Most of these negative exaussare assumed to be due

to subsurface inflows near these depths. However, the sagréfl m is related to the
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Kibuye Power 1 (KP1) re-injection plume, as the re-injectiepth 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 0.08%etween January 2011
and February 2012, and warmed by 0.022by early October 2012. However, as the
2011 and 2012 profiling locations differ, and because thergitofiling locations do not
show these features, the variation in the temperature a248em inflow are assumed
due to changes in the plume’s temperature as it moves atr@sakie in the process of
settling to its isopycnal depth. The less prominent negagxcursion in temperature
appearing in the temperature profile from CTD7 near 170 mtdappears in both the
February and October 2012 profiles as well; however, inséesidgle excursion as in
CTD7, it appears as two separate excursions (at 163 and 170 nese two inflows
likely combine to form a larger single plume further from #wurce, as CTD7 is further

from the shoreline.
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Figure 4.1: Temperature profiles taken during the morning dénuary, 2011 on the
transect to Kibuye (CTD3-CTD6) (FigureB.1). The insetsmadn on the regions where
larger variability is seen.
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Figure 4.2: Temperature profiles measured on January 9, Bétiteen 16h00 and
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windy and overcast all day.
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Figure 4.3: Standard deviation for temperature at a giveuihgecalculated 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 reaté the water column
caused by the daytime absorption of solar radiation andttimgé wind and cooling
can be seen in Figuke4.6, where CTD1 corresponds to the ngpofilanuary 6, CTD2
to the early evening of January 6, CTD3—-CTD6 were taken thefong morning, and
CTD7 the next afternoon. The temperature profile obtainechf€ETD1 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 waterd #ne formation of
another temporary thermocline near 8 m depth between theingpcast of CTD1 and
the evening cast of CTD2. Temperature profiles obtained f£dm3 and CTD4 show
that winds overnight on January 6 mixed the water column ton2&epth, destroying
the two temporary thermoclines. Calm conditions over thers® of January 7 and 8
caused warming of the waters in the upper 12 m of the watenuoknd the formation
of another temporary thermocline is seen deepening as tiogggssed through January
8 (CTD7 at the Master Station). Diurnal variation is alsorsgeFigure[4.8 in the plot

of temperatures obtained from the thermistors nearestitiace.
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Figure 4.4: Temperature profiles taken during late mornimg danuary 2011 and early
afternoon on 8 January 2011 at the Master Station. The ilgehg in on the region
near the top of the primary pycnocline.

On a seasonal time scale, the temperature time series egcbydthe moored array
of temperature recorders are shown in Figlrek 4. 71and 4dréfd.8 shows the indi-
vidual thermistor temperature profiles, which reveal tharyeund warming of waters
within 20 m of the current inversion depth, while Figlirel 4hows the corrected 2011
temperature-depth contour series. The thermistors’ dalta aover the uper 60 m of

the water column for most of the year 2011, from mid-Januarate November. The
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Figure 4.5: Temperature profiles taken during late mornimg danuary 2011 and early
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surrounding the temperature profile inversion.
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Figure 4.6: Comparison of CTD profiles in the uppermost 25ensatf the water column
over a three-day period. Variation in temperature due téasarweather patterns is
evident over short time periods.
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results show that the temperatures in the mixolimnion bechomogenized down to
about 45-50 meters near the end of the dry season in late Au§eseral shallower
mixing events occurred in April and October of 2011 that rdiee water column down
to the 35 m seasonal thermocline. All mixing events werelghalr than the depth of

the temperature inversion, which in January 2011 was at #8897 m at 23.08C

(Figured 41,412, arld2.3).

Mar Apr May Jun Jul Aug Sep QOct Naow

Figure 4.7: 2011 time series of temperatures in the upper &@ns recorded at KP1
methane extraction plant in the northwest section of Lakeikising Onset HOBO U22
logging thermistors.

4.3.2 Temperature variability in the deep waters

Comparison of the deep profiles taken in January 2011 (CTRI1CGWD7) and those
in 2012 at the end of the dry season (early October) and dtinegvet season (early
February) reveal small variations in the temperature opdeaters (Figur€419). The
region at 285 m depth (between the lower and primary pycnes)i cooled by 0.041
°C from January 2011 to February 2012, and subsequently vaaloyne.018°C by
October 2012. This variability is likely due to differencesthe location of the sam-
pling, as the January 2011 Master Station profile was at ardifit station than the 2012

profiles, and the 2012 profiles revealed inflows in this rediat were not present at
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Figure 4.8: January - November 2011 temperature versuspgiofées for individual
Onset U22 thermistors.

the Master Station. Comparisons of temperature profilesWb840 m reveal a simi-
lar warming trend of 0.0067C near 355 meters (see inset of Figlréd 4.9) from January
2011 to February 2012. Between February and September 2@t&ing at the same
depth was~0.049C, equivalent to 0.0065C when the same rate is extrapolated to a
one year time span. Based on comparisons of CTD7 and thedrgl#012 temperature

profiles, depth variations on the order of 2.5 to 3 meterdgMighe primary pycnocline.

4.4 Conductivity distribution in Lake Kivu

Conductivity measurements made in January 2011 are showigime[Z.TlL. All the
profiles show a nearly constant conductivity between thasarand about 45 — 50 m

depth, below which the conductivity increases. All profig®w a significant increase
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Figure 4.9: Temperature profiles showing variability over tourse of one and a half
years from the Master Station CTD7 (January 2011) and the BlEtorm in Febru-
ary 2012 and October 2012. Insets zoom in on the region néanB8epth and the
temperature inversion near 80 m depth.
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in conductivity (1.17 mS cm® to 1.20 mS cm?) between 55 m and 125 m, defining
the uppermost permanent density gradient in Lake Kivu. Allemehange from 2.70
mS cnt! to 3.12 mS cm?, occurs at the upper chemocline (Tablg 4.1). The largest
increase (3.21 mS cm to 4.78 mS cm?) occurs at the primary chemocline (250 m
depth). An increase in conductivity from 4.99 mSthio 5.45 mS cm? occurs at the
lower chemocline. Between these regions of sharp condtycgvadients (the pycno-

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

4.4.1 Spatial variability in water column conductivity

Small lateral variations exist in the conductivity profiléBhe largest deviations occur
along the strong gradients (Taljlel4.1), based on the sthmtsiation of all the Jan-
uary 2011 profiles (Figure—4.110). At the upper boundary ofghimary chemocline,
conductivity at a given depth varies by0.1 mS cnt!. The upper chemocline had a
deviation of~ 0.04 mS cm?, and the lower 0.05 mS cm!. However, the devia-
tion in the lower chemocline is based on only two deep profiEED1 and CTD7). In
regions between pycnoclines, variations of conductivigy lass than 0.01 mS cm,
which is on the order of the accuracy of the conductivity gralnd thus considered as
a minimal natural variability of the water (possibly due e effects of temperature on
the measurement device). Deviations near the depth of theerture inversion were
on the order of 0.04 mS cm, similar to the deviations in the upper chemocline. As
the regions of larger variability correspond to the depththe pycnoclines, as did the

variability in temperature, the variability in the conddly is assumed due to internal
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waves. Variability in conductivity between near shore pesfiversus offshore profiles
near the depths of sub-surface inflows is assumed due tospeatdve plumes mixing

into the water.
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Figure 4.10: Standard deviation for conductivity at a gidepth, 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 profilgsi(@#Z.11) indicates that
conductivity profiles exhibited minor variability from oryear to the next in the upper
170 m. Increases in conductivity were on the order of at 18&¥25 mS cm? through
most of the water column. This observed increase is likely wuinstrumental differ-
ences, as the February 2012 profiles were obtained with ereiiff model probe using
the same style sensor. However, a decrease in conductivitgeoorder of 0.005 mS
cm~1 appears above the seasonal thermocline, as well as betheémwer boundary
of the primary chemocline and upper boundary of the lowenwwaine (~ 268 m to
301 m depth). These slight decreases are likely due to a catin of internal waves,
slight differences in location, and the effects of sub-acefinflows near the shoreline
which are more evident in profiles from the REC platform thaa Master Station (see
Sectiof4.Z11). The larger differences between the FepaG#k2 and January 2011 con-
ductivity profiles that appear in the left panel of FiglireRat depths between50 and
120 m, in the primary chemocline (250-262 m), and within tvedr 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 Mastati@t on January 8, 2011
and at the REC platform on February 9, 2012 and October, ZDiR left panel shows
the difference between the February 2012 and the Januafy#ofiles.

4.5 Oxygen distributions in the water column

Oxygen profiles measured in January 2011 and February 2@Xkhawn in Figur&4.12.

Due to the reaction of hydrogen sulfide with the oxygen sertber signals increase
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below the depth where 4% is first present{150 m). Apparent lack of saturation in wa-
ters 30 m and shallower in February 2012 is caused by a cotidrira warmer surface
water than in January 2011 and a poorly calibrated sensordiffeeent CTD. Oxygen
penetration depth was approximately 50 m in January 20&14t.the upper boundary
of the mixed layer). Due to the poorly calibrated sensor tis@thtain the February 2012
oxygen profile, the measurement never reaches zero satyratit saturation depth was
taken to the be minimum reading @67 m depth. The oxygen profiles have a strong
gradient (an oxycline) at the depth of the seasonal theim®¢lh 30—-35 m in January
2011). Lack of agreement in the depths of the oxycline betvtlee two January profiles
is due a combination internal waves and the CTD being lowatédferent rates during

the profiling cast, resulting in a lag in oxygen readings.

4.6 Gas pressure measurements with silicone tubing

4.6.1 Calibration of silicone tubing

Gas expansion volumes obtained from the silicone tube sampl calibration experi-
ments in the pressure chamber and the associated chambsuneréand estimated GO
concentrations in the water) are summarized in Figurd 4.13.

The graph indicates a roughly linear relationship betwéenvblume of CQ ex-
panded from tubing into the connected syringes and the otrat®n of CQ in the
water, in agreement with an isothermal expansion of the gésniathe tubing. Differ-
ences in the expansion measured versus that predicted bg sstthermal expansion

are due to the friction in the stiffness of the syringe plundée linear relationship of
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Figure 4.12: Oxygen profiles from the Master Station (Jayp@ad 1) and from the KP1
platform (February 2012).

volume to CQ concentration for the wider diameter samplers yields tipe@pmations:

Concentration of C® "] = 0.0139-V —0.0577!
Partial CQ pressure [dbar]= 0.497-V — 2.056dbar

where V is the measured volume expanded into the syringeshe@n@.1176 mol £t

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

Measurements of gas pressures in Lake Kivu were made usimgted number of cali-
brated samplers (built before the calibration experimeotse in lab) and several more
were constructed in the field. As limited number of calibdasgringes were available
at the time of measurments, additional syringes of a diffeseze were also used. Their
plungers could respond slightly different to gas presstiras in calibrated syringes; an
uncertainty in the gas volumes measured in them is estimateet 5 mL. Calibrated
devices were used at two of the three sampling depths.

There was one successful deployment, for 35 minutes, asilbedcabove (Sec-
tion[3.3). Wind and boat drift resulted in an uncertainty~@0% in the deployment
depth due to the angle of the deployment cord. Estimateseopé#ntial gas pressures

based on the calibration date for the tubing are listed inelai.
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Table 4.2 Gas pressures in Lake Kivu from 35 minute silicar@rgy deployment on 9
January, 2011

Approximate Deptll 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 55,6.2,7
138 7.39+ 18| 0.074 17.5, 18, 22

Figure[4.1# shows these pressures overlain onto the ppréasures calculated in

Schmid et al.|(2002).
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4.7 Limnic eruptionsin lab

Attempts to simulate a limnic eruption in lab were unsucftdssBubbles produced
by all approaches were limited in size and quantity, and rstaswed exsolution was
achieved. The setup which had bubbles sustained the loogesisted of having small
pieces of a conglomerate of sand, salt, aspartame, andassaezfwhich were obtained
by allowing water to evaporate from a solution of these dtuestts to form a solid con-
glomerate) to provide bubble nucleation surface. Datalferconcentrations of solutes

used for each water layer in the experimental setup can belfouTabld 4.B.
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Table 4.3 Summary of attempts to create a limnic eruptioalinising CQ as a gas source.

Salt Water Tap Water Trigger Reaction Results

0.87L @ 7°C 1.76 L @ 40°C Injection of near boil} Minor Bubbles at injection
' ' ing water end of needle

2.2 L with 14.7g NaCl/L, 251 @ 8°C Injection of near boil{ Minor Bubbling from needle

1.8¢g Aspartame, ' ing water tip again

0.5g Saccharine

2 L with 45 g/L NaCl, 271 @10°C Injection of near boil{ Minor Bubbling from needlé

3 g Aspartame, ' ing water tip again

0.8g Saccharine

2.1 L with 40g/L NaCl Salt, sand, and fals¢-Continued bubbles (small) far

3'g Aspartame ’ 26L @10°C | SUgar conglomerateseveral minutes off of the payr-

0.8 Saccharir,1e ' dropped in  from| ticulate pieces. No eruptiopn
' surface event

Several other similar trials were made, varying quantiiesalt, aspartame, and sand in the congla

erates and dissolved in the water, all with the same genesalts of minor bubbling.

m-




Discussion

5.1 Comparisons of historical temperature distributions
in the water column

Temperatures throughout the water column in Lake Kivu h&enrsince initial inves-
tigations in the 1930’s and 1970’s. The current temperatuofiles (Figurd_419) are
compared against the available historical profiles in FegliE.2 an@5l4. Temperatures
near the depth of the temperature inversion have risen byoaippately 1°C since the
1930’s, and by 0.5C since the 1970’s (i.e~-0.14C per decade). A single temperature
measurement in the deep water near 370 m depth in the 193@sdE) 1937) suggests
warming in the deep monimolimnion on the order of 0.7 to @8 The early tempera-
ture measurements, however, may not be accurate due tactiregaes used. Warming
rate based on a comparison with Tielze (1978) is on the ofde16°C since the 1970’s

(i.e. 0.04°C per decade). At the upper boundary of the primary thermed#250 m),
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warming since the 1970’s is on the order of 0°Z5

Possible causes for the warming trend include: increasimtgmperatures, increas-
ing humidity (i.e. a decrease in evaporative cooling), dasing wind speed, changes
in the flow rate or temperature of subsurface inflows, andes&ing concentrations of
gases. Heating contributions from gases may result frorthexmic methanogenic pro-
cesses as microbes convert £gas into methane and from the heat of dissolution. To
verify this possibility accurate methods for measuring ¢bacentrations of dissolved
gas inthe deep water are needed. The accuracy of historgzumements thus may be a
significant factor in the calculations (see Tdblé 5.1 forjmes measurement techniques
and Figurd 2]l for available concentrations from these oreznts). Measurments of
dissolved methane increases between the 1970’s and e@Ms20e suggested to be ar-
rond 15% in waters below 250 m Pasche étlal. (2011), whisf8immol/l.Deuser et al.
(1973) gives the heat release from g£tdrmation to be 60 kcal/mol. With a 3 mmol/I
increase in concentration, an estimated increase in tatysersince the 1970’s would
then be~0.18°C. The formation of other gases (i.e. @Q@lso have heat released as
part of the interactions involved in the methanogenic psees occuring, and these addi-
tional heat releases may be enough to account for the irecnedasmperature in waters
below 250 m.

Increases in net heat fluxes across the lake surface shauilld ire warming of the
seasonally mixed layer. The existence of an inversion irpgature suggests that the
warming caused by changes in heat fluxes accross the laleeswill affect primarly
the waters down to 80 meters depth, as below this depth healtviave to diffuse
against the temperature gradient. Below the depth of teatyoer inversion, warming

may be affected by the surface warming due to a resultingctemuin upward heat
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fluxes, as well as by flow rates, temperature, and composifisnbsurface inflows.
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Table 5.1 Summary of methane measurement techniques trebban used on Lake Kivu

Reference Year Method Accuracy
Polyethylene tubing to lake surface to separate the gas
Schmid/Halbwachs | 2003 | & water phases of sampled water. Flow rates were mea-Quotted at-4%
sured with a GA2000 infrared gas analyzer.
2-5% error base(
Schmid/Halbwachs | 2004 Capsum METS methane sensor taking measurememts calibration  of
every 0.5sec during descent 0.4mmol/L stated by
manufacturer
Schmitz and Kufferath | 1971 ] Gas chromatography was used on shipboard and on Not Stated
Deuser 1973 | samples brought to surface and kept at in-situ pressure Not Stated

until analysis in lab

McAullife

1971

Fixed samples with HgGland used gas chromatog
phy on tightly closed 150ml bottles. Only very shallg
depths were measured using this method after alrg
measuring @ concentrations

e
W
rady

Pasche

2009

Niskin Bottles were capped with a balloon to prevs
out-gassing losses due to expansion. However, r
ences of methane concentrations from Schmid '05
reported.

ANt
efer-
are

Tassi

2009

Segments of Rislan Tubing were connected togethg
reach the desired depth. At the top, a three way vs
attached to a syringe, pump, and sample bottle (taf
with Teflon valves). Water was retrieved "fast” enou
to keep the gas that exsolved mixed with the wate
the sample bottle "without” loss due to the narrow t

or to
alve
ped
gh
I in
1b-

ing diameter.
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Figure 5.1: Methane concentrations as reported by SchmdZafferath (1955), De-
gens et. al. (1973), Tietze et. al. (1978), and Schmid et(2805). Methods used to
obtain these concentrations are described in Table 5.1.

69



O | T T T T T T T T
h%g
% Y
50 -ﬁ* : i
VN
\
100 * -
150+ -
— 200} L ]
é Jan ‘11 (this study) ~T=
g_ 250 Feb ‘12 (this study) | |
Q Schmid ‘10
Q chmid ‘1
300f Schmid ‘07 i
Schmid ‘04
350} Lorke ‘02 |
Titze ‘78
a00F ~ ~ CEPGL ‘86 )
— - — - Newman ‘76
4501 Degens ‘73 i
* Damas ‘37
1 1 1 1

225 23 235 24 24.5 25 255 26
Temperature [ C]

Figure 5.2: Comparison of temperature profiles in Lake Kiakeh in 1935|(Damas,
1937) using a reversing thermometer, 1971 (Degens and ¢kildi973), between 1973
and 1975|(Tietze, 1978; Tietze ef al., 1980), 1976 (Newman6), 1986 (Tuttle et al.,

1990), February 2002 on the northwestern end of the lakekfi eral., 2004), 2004

and 2007 {(Schmid et al., 20110, 2012) with those taken in 2012012 (this study).

Historical data were obtained by digitizing published plats the original data were
unavailable. Small uncertainties in depths can result fsbght differences in pressure-
to-depth conversion methods, internal waves, and digitizaincertainties.
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chemocline around 260 meters depth.
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5.1.1 Decadal scale warming at the depth of temperature

inversion

With heat diffusing towards the temperature inversion wmvnward from the surface
and upwards from the deep waters, conservation of energheisitpat the waters at the
temperature inversion depth should be warming. The termoerat the depth of the
temperature inversion has been steadily increasing sinleast the 1970’s, as can be
seen by examining the historical temperature profile corapas of Figurd5l4. With-
out a regular mixing to the depth of the temperature invarsidich would remove heat
episodically, and without a heat sink at the temperaturersion (e.g. cold subsurface
inflow), the influx of heat will cause the water column to warnthee temperature inver-
sion. As accurate complete profiles are only available bad®74, the rate of warming
is only estimated by making comparisons with these datandpso suggests a rate of
0.14°C per decade at the temperature inversion depth (not a st loelpw the surface).
Comparisons with the more recent historical profiles (Lakal., 2004; Schmid et al.,
2002) indicate approximately the same rate.

Although our string of thermistors at the KP1 extractiontjolam did not go as deep
as the temperature inversion, the deepest thermistoralr@vearming trend in the water
below the depth of seasonal mixing during the deploymenbgerThe warming rate
20 m above the temperature inversion (at a depth of 58 m) is@witder of 0.078C
yr~1, based on a linear regression fit. As this is close to the defpseasonal mixing,
the warming rate there is expected to be larger than thateofeimperature inversion’s
warming rate. With seasonal mixing and cooling of the mixwlion causing the temper-

ature to be “reset” episodically, a continuous warming atliase of the mixed layer(
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50 m depth) is not observed on the scale of decades, but thefratarming throughout
the year (prior to mixing) matches well with that of averageatlal warming observed
for the air temperature near the lake surface. This sinyl&wiair warming rates differs
from large lakes at higher latitudes in the United States. dxample, Lake Superior,
Lake Michigan, and Lake Huron exhibit a summer warming rdtaearly twice that
of the atmospheric warming rate (Austin and Colman, 200Q)rtHer evidence for a
long-term warming trend can be seen in the flattening of thpegature profile near the
temperature inversion. Flattening is to be expected asdeatyres rise at the tempera-

ture inversion faster than regions slightly deeper thariehgerature inversion.

5.2 Heat content and temperature changes in the water

column

5.2.1 Heat content changes in the mixed layer

Heat content calculations in the water column indicate ¢imdy small changes in heat
fluxes are necessary to cause the increase in temperatareete the upper 80 m. Net
changes in heat fluxes to a parcel of water can be calculaiedtfre observed changes
in the heat content of that parcel. Calculations of heatexdnwere performed on the
temperature profile from 2002 (Schmid et al., 2002) and obriaay 2012 temperature
profile from SF12. The heat content difference from the srfdown to 78 m was
found to be~108 MJ nT?2, which required a surface input heat flux absorption of only

~0.35 W nT2. As the time over which this change in heat content occuredaps with
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times of seasonal mixings to various depths above the teanperinversion, this change
in heat content only accounts for the overall gain due to amalance of heat fluxes.
The requried 0.35 W mfis therefore representative of the average heat flux imbalan
between 2002 and 2012. Accurate estimates of the seasaitdlthes during the time
between mixing events are not possible with our data, as fibigs we have taken
also coorespond to times over which a surface mixing everiired. As the 0.35 W
m—2estimated from the differences in heat content between ¢heugry 2002 profile
and the February 2012 profile is close to the reported ahiearpt heat fluxes (0.4 W
m~2) in other East-African lakes (Verburg and Hecky, 2009), tieat flux Lake Kivu

recieves at the surface averaged over the seasons is4ik@l§ W n 2,

5.2.2 Heat content changes below the temperature inversion

Heat fluxes between the depth of temperature inversion adgper pycnocline have
remained nearly unchanged between the 1970’s and predenapproximate heat con-
tent change between the 1970’s profile and 2002 profile wasBBiMbetween 95 and
165 m depth. Between 2002 and 2011, the change in the santerdege was-29 MJ
m~2. Both of these changes correspond to a required net heatffl@d022 W ni2.
This flux corresponds to a warming rate of approximately 0Q per decade. The con-
stancy of this number between the two time periods suggesatdtie warming rate in
the region of the water column between 95 and 165 m has beéely neastant over the
last 37 years. This suggests that the subsurface inflowshausthad nearly unchanged
flow rates and nearly constant temperatures. Other heasfli@xg. upward diffusion

from deeper water) also must have been nearly unchanged.
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Increases in temperature have occurred in the deep monmmioln as well, although
they were small in comparison to the warming observed intdinase waters. The deep-
est heat content changes that can be calculated from oulegr(idelow the lower pycn-
ocline from 370 m down to 400 m) for comparison with historic@at content suggest
a significant difference in the requried heat flux to causecttenges observed during
the two time periods. From 370 to 400 m, change in heat coffitemt the 1970’s to
2002 was 6.7 MJ m?, equivalent to a net heat flux f0.0081 W n12(i.e. 0.02°C per
decade). From 2002 to 2011, however, this depth region héduage in heat content
of 10.2 MJ m2, nearly twice the total heat gain that happened from the '$33®002,
equivalent to a heat flux 0£0.0324 W m2and a warming rate of 0.08 per decade.
The deepest temperature profiles obtained in January 2@btu&y 2012, and October
2012 (Figuré419) suggest a warming rate at a nearby depthbofr8to be 0.065C per
decade. Inaccuracies in the calculations of the lake hedtots (especially for the deep
water) between the 1970’s and 2002 may be due to variahiligarly deep temperature

profiles, digitization errors of these data, and internalega

5.2.3 Implications of warming

For a lake where the temperature is the dominant factor ieraeting the water den-
sity, and therefore stratification, an increase in surfapeperature would strengthen
the stratification and result in a more stable water colures fgone to mixing. In the

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

crease in the stability of the lower layers of the lake. Psses causing warming in the
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deep waters are therefore important. Though changes irettygegt portion of the water
column are small, they indicate active energy transfergsses. In a steady state, the
temperature in a deep monimolimnion cannot change witramatl Isources of heating
or changes in mixing intensity. Temperature profiles in teepwater of Lake Matano,
for example, exhibit a constant temperature within one lunedredth of a degree, e.g.
instrumental accuracy, over the course of decades (Kats#y@010). Lake Kivu’s
deep water temperatures, on the other hand, vary signifycéfigures[5.2 and419).
Variability exists both temporally over years and latgradls evident in comparisons
of near-shore temperatures and those further from sholiehwhow variability due to
localized inflows dispersing into the water column horizdigtover several kilometers
(Figure[41). This variability indicates that Lake Kivu istrin a steady state. Rather, it
experiences water movements and heat fluxes, possiblypomes to localized heating
on the lake floor. This results in convection of the deep wateaning the mixing inten-
sity in the deep water cannot be assumed close to molectfiasidn, as the convective

processes would facilitate mixing.

5.3 Warming in Lake Kivu versus other tropical lakes

Warming rates in Lake Kivu surface waters (at the base of tixelrmnion near 50 m
depth) since the mid-1970s are on the order of 0Qper decade, greater than the rates
reported in other East African Great Lakes over the lastuwrgntin Lake Tanganyika,
warming rates at a depth of 50 m ar8.1°C per decade (Verburg and Hecky, 2009) and

in Lake Malawi warming rates between 10 and 50 m depth~afe13°C per decade
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(Vollmer et al., 2005). The rates near 50 m depth in lakes dayiga and Malawi cor-
respond to the warming rate closer to the current temperatwversion depth in Lake
Kivu (~0.14°C per decade), near 80 m. In Lake Malawi, warming rates at 18@pth
(the base of the mixed layer) are only 0.860.02°C per decade. This depth in Lake
Kivu is warming at a greater rate (0°C per decade). In the deep waters between 300
and 400 m, warming rates for Lake Kivu (0.@4.02°C per decade) are the same as
warming rates reported in Lake Tanganyika (0.04 — 0©@er decade in between 1975
and 2000) by Verburg and Hecky (2009). However, Lake Malawiarming at a rate

of 0.12°C per decade near 300 m depth (Mollmer et al., 2005).

5.4 Double Diffusion and its Variability

The opposing effects of Lake Kivu's temperature and salion the density gradient
allow for double-diffusion(Newman, 1976; Schmid et al.. 100 Increasing temper-
ature with depth destabilizes stratification, whereaseasing salinity and dissolved
CO, makes it more stable. As the molecular diffusion of heat dssladved substances
differ, local instabilities cause the formation of a thies$ salty warm layer below a thin
cooler layer. As the warm layer rises it mixes with the codderer to cause a sharpen-
ing of the interface between the layers and a reduction idémsity gradient to a nearly
homogenous layer. As this small-scale mixing occurs batvgegeral different layers, a
stair-case structure results that is observed in the caividty@nd temperature profiles.

These stair-case structures are observed in Lake Kivu owst of the water column
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below the temperature inversion, first appearing aroundmpthey are shown in Fig-
uresf 5.5 and_5l6. The only zones where they are not obserged tre region of the
strong primary pycnocline gradient (250-262 m) (also foopd&chmid et al.1(2010)),
a region from 387 m to 393 m where a weak gradient zone existsywaere cool sub-
surface inflows enter the lake near the northern shoreliogeathe upper pycnocline
(170-202 m). The upper pycnocline (170-202 m) and the lowenqcline (306—325
m) do support distinct stair-case structures. Since ouil@saare limited to~400 m,
the existence of double diffusive steps at deeper depthskisawn.

Comparisons among the January 2011 profiles and the Fel&0a@yprofiles reveal
variability in the double diffusion structures at severgpths. The January 2011 profiles
show minor variability, primarily in step thickness, ovérost time periods, so larger
differences are expected to exist between the 2011 and 2@fifep as heat and salt
are transported vertically upward through the staircadé=ar 186 m depth, the 2012
profile lacks the double diffusive steps seen in 2011.Thaesdbetween 175 m and 190
m (within the upper pycnocline) became narrower, had redloemperature gradients,
and the total number of steps declined between January 2@llEebruary 2012. This
suggests regional mixing, possibly caused by sub-surfdimis closer to the shoreline.
Just above the primary pycnocline between 235 and 255 m tdreases are absent,
which is assumed due to the sub-surface inflows which reaghitopycnal depth and
spread out laterally in this depth region (Figlre 5.2). Betw295 m and 305 m, steps
have become weaker and fewer well defined steps exist. Stapstist in the 2011
profiles between 316 m and 318 m disappeared in February Bt&een 336 m and
340 m, the staircases vary in strength between profiles.adans on a shorter time

scale exist at both the same location and laterally acrestake, showing small scale
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changes in the stair-case structures. For instance, cesuparbetween the two Master
Station profiles (CTD1 and CTD7) reveal both the developnoémew 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 procesgke water column, which
may indicate minor convection in regions. Variability is@kan indication that the steps
may only be intermittent, forming and disappearing at usilmcations as heat and dis-
solved substances are transported through the water colé&sithe water column is
not in a steady state, some assumptions made in modeling @fdter column by past
reports (Schmid et al., 2005) may not be accurate.

As the steps are observed over years throughout differasbss in the same depth
regions, large scale turbulent mixing is assumed to be nahimthe regions where
double-diffusive staircases are observed. If turbulenas mot minimal, these small-
scale staircases would be destroyed and continuous ohlisered them over longer
time periods would not be possible. Turbulent mixing witthie individual small-scale
staircases is significantly enhanced compared to withinsgesy which has the same
temperature and salinity gradients but over a more contisusmooth transistiofa.
This results due to the well mixed small-scale staircases tlaus works toward main-
taining the overall stratification of the water column, aapyicnal transport between
the strong gradients at the staircase boundaries will beyneelecular for both heat
and salts/(Schmid et al., 2010). With molecular transpohezt being on the order of
100 times that of both salts and gases (Dehny, 11983he double-diffusive staircases
help maintain the stratification of the water column by remgthe destabilizing aspect
(the heat) of the water column toward the surface faster tharstabilizing salts. On

the other hand, above the region of these staircases, miggminated by turbulent
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diffusivity.
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Figure 5.5: Double Diffusive steps seen in Lake Kivu in JagiZ0111. Between pro-
files it is clear that small variations exist in the locatidntlee steps. Also, the steps
appear to both strengthen and weaken to the point of disapgeaver time.
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Figure 5.6: Same as in previous figure over a different rargiepths

5.4.1 Variability in the depth of temperature inversion

The depth of the temperature inversion increases with tifgu(e[5.4). In January
2011, this depth was 788 0.97 m, approximately the same depth as in February 2002
(Lorke et al., 2004), but shallower than in figure 2 of Schntidl=(2002), which indi-
cates the depth to be 84.2 m in February of 2004. In Februat®,2@e temperature
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inversion deepened to 82.6 #n 1.1 m. These depths are significantly greater than in
the historical profiles available from the 1970’s (Tielz878;|Newmanl, 1976) and the
1930’s (Damas, 1937), where the depth of the temperatueesion was over 20 m shal-
lower, between 53 m and 57 m, near the present-day mixindid&uathmid and Wilest
(2012) note similar trends in the depth of the temperaturersion in their 2002—-2007
profiles; they observed that between 2002 and 2007 a degpehthe temperature in-
version occurred, which shallowed in 2008 to around 65 rsdtez. within the possible
mixing zone).

The seasonal variation in the depth of the temperature simelis due to vertical
changes in its depth, not an effect of internal waves. Thenmades of internal waves
in our profiles were on the order of 1-2 meters near the terhyeraversion in both
the January 2011 profiles and the February 2012 profiles. hi&weges in the tempera-
ture inversion depth are significantly greater than thise Significantly greater changes
in the depth of temperature inversion observed thus reghiaeges to the heat fluxes
to the temperature inversion. Downward heat fluxes to theéeature inversion are
caused by variability in the seasonal mixing depth, whiddffiected primarily by mete-
orological conditions during the dry season. During yedth shallower mixing events,
the surface waters warm more than waters near the tempeiauarsion. This causes
a strengthening of the temperature gradient above the ratupe inversion, resulting
in an increase in the downward diffusion of heat and an appaeepening of the tem-
perature inversion. A gradual downward shift in the depttheftemperature minimum
results as deeper water temperatures match those at glgtatliower depths (i.e. the
depth of the previous minimum). On the other hand, durings/edth stronger winds

and clearer skies (i.e. less downward atmospheric radidtiat results in less warming
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of surface waters), a reduction in downward heat flux occaodsadeep mixing event
may be likely. This results in a shallowing of the temperatmwersion depth as warm-
ing of the waters at the temperature minimum is dominateddwaud fluxes of heat.
Shallowing of the temperature inversion may be of greategnitade if winds are able
to cause a deeper mixing event to occur (i.e. to below the diabe mixed surface wa-
ters of approximately 55 m), as some excess heat at the diepikiag will be removed
to the surface. As this heat is removed, further cooling kedlult, reducing downward
fluxes toward the temperature inversion. Mixing to deptHswé&5 m requires enough
surface input energy by the wind to overcome the high stsboli the water column
caused by the large salinity gradient beginning at 55 m;ghérgy is discussed further
in section[5.b. From comparisons of historical and currentgerature profiles (Fig-
ure ??), clear variation in the depth of the temperature inversiprto more than 20
m can occur from one year to another year; however, changegydhis study appear
closer to 5-10 m.

If variability in surface warming rates and episodic deexing events were not
the cause of the variability in the temperature inversia@pth, a heat sink (e.g. cool
inflow) would have to exist at the temperature minimum deptladcount for the the
temperature inversion. As the isopycnal depth of such awowd not be likely to vary
significantly, a more constant depth of the temperaturergmwe would be observed.
Analysis of our temperature profiles near the shoreline da¢sndicate the presence
of subsurface inflows near the temperature inversion dejgtgiled profiling done by
Schmid et al.[(2010) did not detect such an inflow either. dd&hces in the depth of

various pycnoclines and the temperature inversion bethations where profiles are
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taken across the lake may exist due to a combination of searinternal waves. How-
ever, observed variability in depths indicate only minaiafaility (over days) due to the
location of sampling (Figure4.1).

As the depth of the temperature inversion has deepened &iacEd70’s, mixing
to the depth of temperature inversion is more difficult. Tigsults in less heat being
removed from the water column and the possibility that themiag rates throughout

the water column could accelerate.

5.4.2 Temperature and energy conservation requirements aand

above the temperature inversion depth

As energy conservation indicates that the temperatureeaintrersion depth must be
increasing, the expected rate of warming due to the prefsmntieat fluxes can be cal-
culated. In the region near the temperature inversionjcatitheat transport rates can
be assumed to be primarily due to turbulent diffusion. THaesof turbulent eddy dif-
fusivity, K;, used to estimate the dry-season mixing near the inversaye found by
linear interpolation of the coefficients listed in Tablel5The heat flux ) at a given

depth was then determined from Fick’s first law of diffusion:

oy = — K3 cwpw

where T is the temperature profile smoothed to a 0.5 m resoluty, the specific heat
of water, taken to be 4181 J k¢K 1 at the average density of the water column in the

region near the temperature inversigg € 998.5 kg m3). The warming rate was then
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found from Fick’s second law as:

oT _ 1 9%y
ot T " pew 0z

The inversion depth in any given profile was taken as the deptre the flux crossed 0
W m~2. An example of this calculation performed on the tempegafuofile CTD7 is
shown in Figuré 5l7. The average value for the expected waymasite computed with
this method for all of the January 2011 and February 2012lpsofielded the heat gain
rate at the temperature inversion of 0.0018 W3st!. This rate over the course of 1
year yields a 0.014 rise in temperature, or equivalently the OC4er decade, which
matches the warming rate seen from temperature profilesadteement suggests the
absence of a cool inflow at the depth of the temperature irorensn agreement with the

lack of evidence for inflows from near-shore profiles.

Table 5.2 Kz-values used to calculate heat fluxes requiredrfergy conservation in
Lake Kivu, based on Table 2 bf Pasche etlal. (2009).

Depth [m] | k; [m?s~3]
60 1.810°°
110 0.210°6
115 1.310°°
155 4.910°8
255 1.610°8
261 1.410°8
270 52108
440 1.010°8
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Figure 5.7: An example of the heat flux calculation perforrntedetermine the expected
warming rate based on the temperature profile of CTD7. Thiedwutal line (at 76.4 m)
shows the depth at which the heat flux crossed zero (and tbeiats] heat gain rate)
which corresponds to the depth the temperature inversion.
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5.5 Stability of the Water Column

Stability as a physical quantity characterizes the restgtaf the water column to mix-
ing. It can be defined as the energy required to homogeniagates column to a given
depth (Wetzel and Likens, 2000; Hutchinson, 1975), whidbatiely requires the cen-

ter of gravity to be raised:

1 Zm
S= & /ZO Aoz~ 2q) - (P2~ Pm) O (5.1)

where A is the surface area of the lake,ig the lake surface height;as the maximum
mixing depth, g=J [;"z- A;dx is the center of gravity depth, ameh=g /7", A.dx is
the density when mixed, with, the density at depth z dependent on other factors (see
sectior33.2PR).

Energy input to the lake surface to cause mixing was assuoiaeldue to winds, which
produce waves that impart energy into the water column agititéde mixing. Potential
depths of wind mixing were determined based on the wave terghationship to wind
speeds. Wave height allows for estimates of energy corttamthe wave. The energy
contained in waves was assumed to be equally split into gateand kinetic energy
(Phillips,11977). Estimates of necessary wind speeds tetbe required wave height
magnitudes were made using an approximation from the unistit'of Civil Engineers

(1996):
U F0.5

Hs = 2760 (5-2)

where H is the significant wave height in meters that the mixing elesrgre associ-

ated with, U is the continuous wind speed in mtsand F is the uninterrupted fetch.

88



Equation[5.P is plotted with associated wave energies inrEig?. in meters. This
approximation to available mixing energy was then used terdene the mixing depth
based on the stability energy (Equation 5.1).

Calculations using Equatidn .1 and CTD profiles CTD1, CT&Y Feb12 show
that in Lake Kivu winds are able to mix the water column to atbegf around 50 m
(Figure[5.8). Consistent with the results of typical win@egds during the dry season,
mixing extended to 50 — 55 m (Figuite¥.7). Homogenizing to 5€equires an input
of ~ 0.9 kJ nT%from the wind (which corresponds to wave heights of 0.65 ris; &lso
cooresponds to sustained winds~e6 m s™1). However, mixing down to the seasonal
thermocline between 30 m and 40 m depth only requires 0.46 ) aquivalent to an
average wave height of 0.3 m. Once homogenized down to 35enetérgy required to
homogenize deeper is reduced significantly. Energy inmgsired to mix to 60 m, 80
m, and 90 m in January 2011 were 1.48 kJ%r8.78 kJ n72, and 5.90 kJ m?. Mixing
energies requirments once the upper 35 m was already homeddny mid-June to
July at these same depths were 0.23 k¥m.83 kJ nT2, and 3.57 kJ m?, respectively.
The corresponding wave heights and sustained wind spe@idsdace these mixing en-
ergiesare 0.17m{2 ms1), 1.10 m <8 ms1), and 2.15 m£15 m s 1), respectively.
Using Equatiom5]2 to calculate approximate wave heiglggests sustained winds on
the order of 9-10 ms! would be required for mixing to depths of 80 m. Analysis of
wind records available online (MundoManz, 2006—2013) eonfuch winds are possi-
ble, occurring occasionally, but not often. Typical wina&ked maxima are on the order
of 5-6 m s'1, which are capable of producing waves on the order of 0.8 tetenwhen
blowing for several hours. Winds at 9-10 m*smay cause mixing to near 80 m, as an

event that Schmid and Wilest (2012) suggested for 2007. Xdora depth below 80
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meters, however, requires very strong winds (greater i m s1) to blow contin-
uously for an extended period of time. The significant insesi;m energy required for
mixing to deeper depths is due to the large salinity gradieotirring between 55 m and
120 m. Based on the available wind data, mixing to depthsrat@® m is not expected
to occur regularly, although such deep mixing cannot beugbazl. To further quantify
whether episodic mixing to depths of 80 — 90 m is possiblerduthe dry season re-
guires monitoring the weather patterns on the lake surtsceake Kivu is located in a
valley surrounded by several mountain chains that may timeitvind speeds. Currently
available weather stations are located several kilometees from the lake shore at
airports of higher elevation and the data from those statwas used as an assumption
for the potential mixing depths.

In the case where winds are not capable of mixing the watemmolto the temper-
ature inversion, the depth of the temperature inversionstillirise. This can happen
if the surface waters mix to the depth of the first salinitydieat and remain mixed to
that depth for an extended period due to winds and coolerdestyres. In this case,
the water below the temperature inversion will warm fromupevard heat fluxes below.
As this warming happens, the temperature inversion wilkeappo shift upward due to
the waters below warming while the waters above remainiregipeinchanged. Dry
seasons with higher wind speeds likely cause greater shifte depth of the tempera-
ture inversion to shallower waters, while years with averagnd speeds during the dry
season likely cause a deepening of the temperature inmeda®to the increased down-
ward heat fluxes. Higher downward heat fluxes will cause watbove the temperature
inversion to warm more than waters below, causing a downwiaiftlin the location of

the temperature inversion. A combination of episodic nuxilue to winds, increased
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downward heat fluxes since the 1970’'s, and upward heat fllawesedhe current move-

ment of the temperature inversion betweesb m and 85 m depth.
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Figure 5.8: Stability (Equation.1), i.e. the energy inptithe lake surface required
to mix the water column to a given depth. Marked points aredain680 m, and 90 m

as references for proposed mixing depths from historicaénlations. Panel A shows
the entire lake’s required mixing energy based on an adgsstho profile CTD7 where

the surface 35 m has been homogenized (i.e. representh@aeey dry season mixing).
Panel B zooms in on the upper 120 m of Panel A.
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wave height axis (right) correspond to the energies nepgtsanix to 60, 80, and 90 m
depth as found in Figufe3.8.

5.6 Local weather averages and heat budget

5.6.1 Weather averages in Lake Kivu region

Weather variability results in seasonal patterns to therdepmixing from the surface
down to between 50 m and the temperature inversion depthttNjoaverages of tem-
perature, maximum temperature, minimum temperaturejwelaumidity, and average
rainfall in the cities of Gisenyi(Goma) and Bukavu are liste Table[5}. Figure 19

shows the average maximum and minimum temperature, ass\@lesage precipitation
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by month in Gisenyi(Goma) and Bukavu. The monthly averageswer a 3 year pe-
riod for all but the precipitation data for Bukavu, which \eaaged over a 5 year period.
These data suggest an average air temperaturd ®fC during the year, in agreement
with Borges 2006. Calculations using 1@ for the surface air temperature were used to
calculate an effective emissivity of the atmosphere in &t budget calculations below.
A global project effort by Berkeley Earth compiled the seddemperature data (Fig-
ure[5.11), which indicate approximately &Q rise in temperature in Rwanda between
the early 1970’s and 2010. The data show the rate of air teatyoerincrease from the
early 1900’s to the 1970’s was lower than the rate of incréhaehas been observed
since the 1970’s. This suggests that increases in the susfater temperatures of Kivu
may be greater between the 1970’s and today than betweeartfesemeasurements in
the 1930’s and the 1970’s. As a result of the increased dowhheat flux, a deepening

of the stable depth for the temperature inversion may haveroed.

5.6.2 Components of the Heat Budget for Lake Kivu

The combination of heat gains and losses at the surface @& Kak results in a rela-
tively balanced net flux 0f£9 + 35 W m2 (Table[5.B). Heat gains come primarily from
the downward solar radiation and longwave atmospheriatiaai, but minor additions
also come from catchment runoff water, precipitation diyeto the surface, and heat
conduction to/from the sediments. Solar radiation conteb between 1900 kwWhTa
and 2100 kwh m? as a daily 24-hour average (Sol, 2011), which correspondsltes

of 217 W nm 2 and 240 W m2. These being typical upper and lower bounds measured
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3-Year Temperature and Precipitation Averages near Kivu
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Figure 5.10: Monthly temperature and precipitation avesagpmpiled over a 3 year pe-
riod near the major cities of Gisenyi/Goma and Bukavu. Nb&nhonthly precipitation
average for Bukavu is over a 5 year period. The precipitagsahe monthly total av-
erages for that month, whereas the temperature is the a&vdedly temperature for the
entire month. These data were obtained from a compilatieabus weather reporting
websites|(Online (2012); MundoManz (2006—2013)). The @isand Goma data are
likely from the same station due to the proximity of the @tie one another.
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Figure 5.11: Plot of Berkeley Earths effort to collect andedeine century warming

trends using available temperature data from variousalisee and operating weather
collection sites.
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in the Kivu region with variations due to cloud cover duriig tday. Only minor vari-
ability in solar radiation will exist over the course of theayr as the latitude of Lake
Kivu is only 2° south of the equator. These values account for the nightliyngsing

a 24-hour averaging. For the calculation of total heat ineowe used the mid-range
value of 228.5 W m? 4+ ~10 W m~2. Contributions from atmospheric radiation based
on current temperatures amounts~4®27 W m 2 (EquatiorZ3.B). Temperature varia-
tions over the course of the year result in fluctuations inttieeatmospheric radiation
flux of ~ +£5 W m~2. Losses of heat consist of the lake surface’s outgoing l@vgw
radiation, sensible heat loss, evaporation, and cooléaimflow streams and rainfall.
Losses due to sensible radiation will vary with the seasahnand speeds, having larger
values during times of higher wind speeds. The values regphiowever, are based on
average wind speed during the year rather than during spseifisons. Calculations of
sensible radiation losses made using equéfiod 3.10 arebetBWW m2 and 10 W ni2.
Losses due to the blackbody radiation from the lake surfee®@athe order of 430 W
m~2 (Equatior:3J7). Evaporative cooling (Equationl3.6) congages for the majority
of the remaining flux, having an effect of about -112 W4m Combining these losses
and gains suggest a positive flux of approximate® W m~2, with a rather large un-
certainty due to the variability in each of the contributowmponents. Due to the large
range, a balanced budget is possible. These results areaimachin Tabl€5l3.

The advective inputs into and out of the lake surface cautigilminimally to the heat
budget in comparison to the other sources. The inputs dwfsiserine inflows directly
into the surface water of the lake and subsurface groundvel@vs which settle at var-
ious isopycnal depths based on their composition and teatyrer The effect of outside

stream inputs into a lake may vary depending on the inflowsratel the temperature
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Table 5.3 Heat fluxes across the surface of Lake Kivu.

Heat Source Value (W nT?) | 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 runqgff1.4 +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

of these inflows. Similarly, groundwater inflows may affdot theat budget of a lake
if the temperature of the inflows is different than that of tirigter at the depth where
the inflow enters. Based on the typical surface inflows intkeLKivu as quantified
byIMuvundja et al.|(2009), calculation of the heat budgetbuation shows the effect
of these surface streams is minimal (both under the assamiftat all streams are at
the minimum and maximum measured stream temperature). |Banadone at 127 of
the in-flowing streams in the Bukavu and Kalehe basins (Mdjaiat al.| 2009) yielded
a temperature range for the surface inflows between 48@®8 and 22.4+ 2.6 °C,
having an average value of 20°€ (Muvundia et al., 2009). Calculations using these
extremums for the river inflow effects on the heat budget #&iqu[3.6) yield -0.81 W
m~2 and -0.23 W m? under the assumption of a 28 surface water temperature. Sim-
ilarly, rainfall contributions to the heat budget (Equal®8) yield~ -0.9 W nT2 under

the assumption that the rain water is at the average air textype (19 — 20C).
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66

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 (3yrs.) °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 256 | 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 256 | 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 (3yrs.)| °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] 139|150 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 /0 |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[150] 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 temperatut€), maximum and minimum temperatuf€], Rainfall (m), and Relative
Humidity (%) in the lakeshore cities of Gisenyi/Goma and Buk These data were obtained and compiled from
various online weather reporting sources, some with dliglarying data. Much of the available Goma, DRC and
Gisenyi, Rwanda data appear to be taken from the same stikiebndue to the proximity of the two cities to each
other.



We estimate the increase in downward atmospheric blackbemigtion caused by
the increasing air temperatures~a6.7 W n1 2since the mid-1970’s. Using the coeffi-
cient for emissivity of G of 0.93710° °C~2 (Blanc¢, 1985) in Equatiof 3.9 results in
an emissivity ofe = 0.794 for near-surface air temperatures. The StefareBalbn law
(Equation33.B) with this emissivity gives the atmospheoied-wave heat flux into the
lake of 320.4 W mi2. Typical estimates for regional air temperature increasé&sast
Africa are between 0.8 and 1%& (Verburg and Hecky, 2009) since the 1970’s. For
a 1°C air temperature increase, the emissivity coefficient890, and the irradiance
is 327.0 W nT2. The 6.7 W nt2increase in irradiance for one degree increase in air
temperature is close to the estimated excess heat flux abmkede surface (Table5.3).
The excess flux of energy into the lake must be reflected inatkee temperature above
the temperature inversion. Higher wind speeds and lessmraynlimit the warming via
episodic mixing events, increased evaporative cooling fagher sensible heat losses.

Often heat budget analyses neglect the effects of heat egebavith the lake floor,
heating/cooling due to chemical and biological processsd kinetic energy dissipation,
assuming their effects small (on the order of errors in othetors (Saur and Anderson,
1956)). For Lake Kivu, however, the effects of the heatirapfrwithin and below are
not negligible, as indicated by the warming in the deep wdistussed in sectidn .1
and seen in Figuled.2.
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5.7 Pycnocline movements

5.7.1 Historical comparisons indicate vertical movementn the

boundaries of the pycnoclines

Comparison of the 2011 and 2012 temperature and condyqtrafiles with the 1970’s

data indicates a shift in the vertical position of the pydmas (Tabld41l). Figure 5.4
indicates that below 225 m the lower pycnocline boundarag resulting in thinner
pycnoclines and a strengthening of the density gradientaltiee now thinner pycno-
clines.

The change since the 1970’s is significant. Figures 5.2[aBcsHow the tempera-
ture profile comparisons, while Figure 5.15 shows the cotidticcomparisons, both
indicating the same changes in the depths of the pycnocbhoedaries. Movements
of the primary pycnocline’s upper boundary is on the orded-eb meters and lower
boundary close to 24 meters between the 1974 profile and 2Differences from the
2002 profiles of Lorke et al. (2004) indicates a rise of 2—3 ime Tower boundary of the
lower pycnocline £331 m) has risen by 17 meters, with only small movementsin the
upper boundary. The 2—-3 m differences seen between the 2Bsdand our current
measurements are likely accounted for by internal wave démsity gradient at the
upper pycnocline has remained unchanged compared to tlsi9éfiles, despite the
overall rise of the pycnocline. These boundaries have bleasitied based on the inter-
section of lines drawn tangent to the profile of conductiaityhe middle of the gradient
with lines drawn tangent to the steepest gradient in the dniggions above and below

the respective pycnocline (see example in Figurel5.12) bfifietze [(1978) reveal the
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upper pycnocline centered at 200 m depth with an upper boydd 79 m and a lower
boundary at 219 m for a thickness of 40 m. Our January 201 1sthata the thickness of
this pycnocline to be 39 m, i.e. virtually unchanged givemititernal wave magnitudes
at this depth range. The boundaries for this upper pycr®dia now at 202 m and 163
m, 17 m shallower and 16 m shallower, respectively, thanerl®i70s. Small digitizing

errors may lead to 2 to 3 m uncertainty in these changes.

300 Upper Boundary

Depth [m]

360

4.8 5 5.2 5.4 5.6
Conductivity [mS cm ]

Figure 5.12: Example of the calculation for the boundarfete pycnocline upper and
lower boundaries

5.7.2 Temporal variability expected due to internal waves

Differences among the January 2011 conductivity profiless&.01 mS cmit in most
of the the water column across the lake (Figure4.10). Diffees of 0.04-0.05 mS
cm~1 are observable at the major pycnoclines. The CTD condtgtsgnsor has an
accuracy of 0.01 mS cmt with a resolution of 0.002 mS cm, indicating that the
conductivity profile of the water column is laterally homogeed (i.e. deviations on the

order of instrumental accuracy).
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Variations near the pynoclines (insets in Figlire 5.13) ssgiternal waves with
amplitudes on the order of 2.5 to 3 m in the upper and primaonpglines. Near the
depth of temperature inversion, the vertical variabiligggests internal waves on the
order of 1 to 2 m. As the lower pycnocline appears only in alsimgofile, internal
waves there cannot be quantified. In the region at the bage ghixolimnion (i.e. 50
m depth), conductivity variations suggest internal waveshe order of 3 m.

The magnitude of internal waves vary with depth. Internalevenagnitudes are
greater in waters near the primary pycnocline than nearghenpycnocline and surface.
A baroclinic system explains this difference As Lake Kivisit into multiple layers
of different densities, separated by pycnoclines, waveseapected to be present at
the pycnoclines. The solution to the governing equationsafion for a system with
just two layers and a free surface has several special (8seslOfsky and Jirka, 2004).
With the densities at the boundary of two layers being neaglyal, Boussinesq waves
can result, traveling much slower than surface waves dubdcsinall difference in
density between the two fluids. The two main solutions areettiernal mode and the
internal mode. |(Socolofsky and Jirka, 2004). The externadlenhas larger waves at
the surface of the upper layer and the two layers travel irs@heth each other as if
unstratified. In the internal mode, the lower layer is outlodge with the surface layer,
resulting in larger waves between the internal surfaces #iahe free surface. The
baroclinic mode in Lake Kivu can explain why the deeper baupdayers have larger
internal waves. The magnitude of these waves may be sniadleiin a simple two-layer
system due to the water column having several layers, eaadducing and additional
adjustment to the phase and magnitude of waves at the pycescl

Comparison of 2011 and 2012 conductivity profiles (Fiquigl#reveals differences
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on the order of 0.02 mS cnt over most of the water column. This is greater than the
standard deviation observed laterally over the northedroéthe lake and larger than the
instrumental accuracy. As the January 2011 and Februarg gfifiles were obtained
with a different model CTD of the same manufacturer, thigegéince of 0.02 mS cmt
likely reflects imperfect calibration of the CTDs rathernhereal long-term trend for

the conductivity profile.
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Figure 5.13: Conductivity profiles from January 2011 aldmgKibuye transect and the
Master Station. Insets zoom in on the regions of the uppepanthry pycnocline and
the temperature inversion depth (circled region) to bestéerthe magnitude of internal
waves.
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Figure 5.14: Comparison of in-situ and temperature-adgisbnductivity averages mea-
sured between 1973 and 1975 (Tietze (1978)), 2002 (Lorke ¢2@04)), January of
2011 and February of 2012. Small errors in depth on the orfti@8rto 4 meters may
exist due to digitizing errors of the historical profiles {835 and 2002).

105



180 T T T T T -
200 _|I__(l)l’:(e 2002 i
ietze K,
Tietze
220 Jan 2011 Kyo (this study) i
Jan 2011
Feb 2012 Ky (this study)
—, 240 i
£ Feb 2012
=
o
O 260 |
[a)
280 |
300 |
320 |
| | | | | | |
25 3 35 5.5

4 45
K&K, [mS/ecm]

Figure 5.15: In-situ conductivity and temperature-cadcconductivity near the
primary chemocline as measured between 1973 and 1975 €Ti{&Q738)), 2002
(Lorke et al. (2004)), and in January 2011 and February 2012.
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Figure 5.16: In-situ conductivity and temperature-cadoconductivity in the upper
100 meters of the water column measured between 1973 andIi@T4: (1978)), 2002
(Lorke et al. (2004)), and January 2011 and February 2012.
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5.8 Effects from conductivity and temperature of inflows

Subsurface inflows help to maintain the depths of the uppentharies of the primary
and lower pycnoclines in the water column. Conductivity semhperature profiles re-
veal the depths of subsurface inflows as mentioned in thdtsesiis the signal from
these inflows weakened as distance from the REC platforneased, the inflows are
assumed to be localized primarily on the northern shorelsasfaund by Schmid et al.
(2005). The inflows have excursions towards both lower teaipee and lower con-
ductivity (Figurel5.1F7). The negative excursions sugdastnflows are of less salinity
than the lake water. The inflows that compose the signala8 are the source for the
negative excursion in temperature at the upper boundatyegbtimary pycnocline. As
the inflow is also of lower conductivity than the lake watérwbrks to maintain the
upper boundary of the primary pycnocline and leads to a gtheming of the gradient
as the lower boundary with waters of higher conductivitgsislue to inflows below the
primary pycnocline. The inflows between the lower and prynarcnoclines (between
262 and 300 m) work in a similar way to maintain the upper bamaf the lower py-
cnocline (at a depth of about 301 m) and strengthen the gradiescent of the upper
pycnocline’s boundaries discussed in secfion’b.7.1 mayukeea inflows between the
upper and primary pycnocline (i.e. inflows from200 — 250 m), which push the entire
water column above that depth upwards. As the thicknessi®fpytnocline has re-
mained unchanged, no significant inflows are expected tie stttheir isopycnal depth
near the boundaries of the pycnocline, unlike the primany lawer pycnocline. As
the inflows are important for maintaining the current stiedtion of the water column,

changes in the inflow properties may alter the location ofrttegor pycnoclines and
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therefore the stability of the water column.
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Figure 5.17: Conductivity profiles taken in February anddbet of 2012 from the
REC platform. Insets zoom in on the negative excursions dualows near the upper
boundaries of pycnoclines.

5.9 Gas Pressure Measurements in Silicone Tubing

Calibration plots (Figur-4.13) show that expansion volsfinem silicone tubing sam-
plers after thirty-five minutes of deployment in Lake Kivur@spond to partial gas
pressures of--0.81 dbar,~1.03 dbar, and7.39 dbar at depths of 122 m, 130 m, and
138 m, respectively. These estimates are based on the @sttiap of the calibration

conditions to the greater hydro-static pressures in Lake Ki
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To determine accuracy of these estimates would requirbdutesting of the samplers
for known concentrations of CQOn the pressure chamber. Furthermore, the short de-
ployment time in the lake was likely not long enough for tha@entrations of gas in the
tubes to reach equilibrium with partial pressures in theewdtence the low and even
negative concentrations found. The flux of different gabesugh a membrane varies
based on the coefficient of solubility and diffusion for theesgmembrane combination
(zhang and Clouad, 2006). For a silicone membrane, the diffusoefficient for CQ
and CH, are similar, however, the solubility of GAs much higher than the solubility
of CHy in silicone rubberl(Zhang and Claud, 2006). This means tmeeatration of
CO, gas molecules in the silicone rubber is higher, leading toceantrations of CQ
coming to equilibrium on the inside and outside of the sansgle a shorter period of
time than for CH. Based on the overlay in Figute_4114, the samplers may have ha
enough time for the C&to come to equilibrium, as the estimated partial gas pressur
are near the pressures of €§hown in the figure aof Schmid etlal. (2005). However, the
partial gas pressures due to g£hre 4 — 5 times that of C{at the depths the silicone
tubing samplers were deployed. As g£Hquires more time for concentrations inside
and outside the silicone samplers to reach equilibrium,aantthe pressures found dur-
ing the deployment time are close to the fessures reported by Schmid et lal. (2005),
a longer deployment time is required to make accurate meess of the partial gas
pressure in the lake.

As the measurement of the obtained volumes depended oniffness of the sy-
ringes’ plungers, an uncertainty in the obtained volumestsreated on the order of
4 — 5 mL. This is based on the minor variability in the stiffeleshetween syringes of

the same model used for calibration in lab. As a limited nunaoibeyringes of the same
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model were available during field work, further uncertaimyhe obtained volumes at
138 m depth may exist due to the uncalibrated syringes uséubge samplers.

The pressure data in Figure4.14 are within error of the auingBons measured by
Schmid et al.[(2005) for the depths sampled. Given thesétsasuder the windy condi-
tions and waves the samplers were deployed during, it maysbsilgle to develop this
method as a useful gas-pressure measurement tool. As amlgdod pressure-volume
calibrations points were obtained for the larger tubingdusd_ake Kivu (Figurd-4.113),
the reported pressures have a large uncertainty (Talle A.Better set of calibration
data is possible by making certain the water in the preshwamber is saturated, and by
replacing the water between trials. Furthermore, creatifiiger resolution for pressures-
volume measurements for calibration, along with a consisdleployment time in the
pressure chamber would result in a better calibration dettaldse of the same syringe
for all measurements, rather than different syringes o ¢alse, would also reduce
variations in obtained volumes. A more reliable approacduédver, would be to adapt
a sensitive pressure gauge and connector piece on the tishieglace the syringe and
and luer stop-cocks. This would improve the consistencywéen tubing samplers and
eliminate the problems that arise in the variations of gggimanufacturing. The method
used on Lake Nyos to measure the partial gas pressure pfrQ@e water at depth in-
volved use of a pressure gauge connected to a long tube wiigtected to a series of
silicone tubes placed at depth (Evans et al., 1993). Evaasunement required several
hours for the gas pressures inside the tubing to be in equilibwith the dissolved gas
pressure, and the surface pressure measurement requisstjustment to match the

pressure in the tubing at depth because of the weight of thenghae long column.
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5.10 Limnic eruptionsinlab

Lack of pressure to dissolve significant quantities ob@@o the water was the primary
issue with creating a small-scale limnic eruption. Pressairdepth in the water col-
umn of lakes where significant amounts of gases are dissaheegeveral atmospheres
greater than the pressure either the large beaker or thecptgbnder used in lab with-
out a secured cap. During tubing calibration and developba pressure chamber
allowed significantly greater pressures in comparison &vipus attempts with small
scale eruption simulations. When pressure was relieved tiee pressure chamber,
bubbles formed and appeared as if a rolling boil of hot watas wccurring until the
partial gas pressure had dropped far enough to remain saalalenospheric pressure.
Once this exsolution of gases had happened, smaller butxdri¢isued to form and rise,
just as in a carbonated beverage sitting in a glass, andssitaibther trials in the limnic
eruption tests described in sectlonl4.7.

Keeping the gas in the layers of the water may also be an isss@éllow setups, as
the diffusion of gas through the water column may be enougliltite the concentrated
CO, water being “piped” into the bottom of the water column andaonimixing between
the warm upper water and incoming water .setup could be dpedlto pressurize the
water column and effectively create a deeper layer of gdswater under a fresh warm
water that remained well separated, one could potentialigkty drop the pressure to
simulate a large disturbance in the water column and caussoga outbursts — the sort
of behavior seen in shaken up soda bottle that are openeklyjucthat seen when the
pressure chamber was opened.

The method of injecting hot water through the surface is neaaonable approach,
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as the narrow tube to the bottom allows the water to be coofeslirounding water
as it travels to the injection point. Further, the pressoreifig the water out of the
syringe into the deep water caused a visually significartuthance of the interface.
This disturbance resulted in more mixing than desired ar thauld result from simply
having a large quantity of hot water suddenly heat up the w@dér. Also, the heat
transfer required to heat the G@ater up enough to lose its gas-holding capacity is far
greater than a small injection of hot water can provide utidempressures available in
lab. As a result, the amount of gas able to remain dissolvédemwater changed very
little at low pressures used, and therefore provided véttg Bxsolution of the dissolved

gases in the short, non-violent bubbling periods.
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Conclusions

e The temperature of Lake Kivu has risen throughout the entaer column since

at least the mid-1970’s.

e The temperature at the base of the mixolimnion-a0 meters depth has risen
by 0.75°C since the 1970’s (i.e~ 0.20°C per decade). This rise in temperature
is larger than that in other tropical lakes in the East Afmi¢dft system reported
from 1993-2005: Lakes Malawi and Tanganyika having warmed-19.13°C

per decade in the surface waters near 50 meters depth.

e Temperature at the depth of the temperature inversion kas gince the mid-
1970’s by 0.5°C. The average rate of the temperature increasedid4°C per
decade. This mathces the rate calculated based on the hesst tituthe inversion
(sed&.I1L; 0.4 W mP). The warming rate matches that in surface waters in other
tropical lakes. Occasional episodic mixing to the depthheftemperature inver-

sion may occur, which would homogenize the temperatureeivter column to
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the inversion.

Warming from the atmosphere is the primary cause of warmawgo the depth
of the temperature inversion, with minor contributionsnfrehe upward flux of
heat in the deep waters. As the warming rate matches the abtelated from
present-day vertical heat fluxes, there may not be a coolnilear the tempera-
ture inversion depth. Waters in this depth region are tloeeed good integrator of

the heat fluxes received from both above and below.

The warming rate observed above the temperature inversitmeaase of the
mixed layer ¢ 50 m) in 2011 was 0.078C per year, based on the linear fit of
the data recorded by the deepest two thermistors instadliedviihe KP1 methane
extraction platform. With episodic mixing to this depthethffective warming
rate indicated by comparisons of historical temperatucdilps is~0.20°C per

decade.

Movement of the pycnocline boundaries (Tabld 4.1) has eedufThe upper py-
cnocline (currently 170 m — 202 m) has risen B%6 meters and remained the
same thickness as in the 1970’s. The main pycnocline has steemgthened,
with the upper boundary rising minimally and the lower boarydhaving risen
~24 meters from 286 meters to 262 meters. The lower pycnohksesimilarly
been strengthened with the upper boundary remainingvelgtstationary (with

perhaps 5 meters rise) while the lower boundary has ris&ii meters.

Lake Kivu cannot be considered to be in a steady state dudhaipavard motion

of major pycnocline boundaries and increasing tempersithreughout the water
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