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Abstract. Submarine groundwater discharge (SGD) is highly variable in spatial and temporal terms due to interplay of

several terrestrial and marine processes. While discrete in-situ measurements provide a continuous temporal scale 1o
investigate underlying processes and thus account§/Tor temporal heterogeneity. remotely sensed thermal infrared radiation
sheds light on the spatial heterogeneity as it provides a continuous spatial scale.

Herc we report results of the combination of holl}(zthc continuous spatial and temporal scales, using the ability of an
Unmanned Acrial Vehicle to hover above a predefined locationsand the continuous recording of thermal radiation of a
coastal area at the Dead Sea (Isracl). With a ﬂigh_}r altitude of 65m above the water surface resulting in a spatial resolution of
13¢cm and a thermal camera (FLIRTau2) v “mcasurcs the upwgllin long-wave infrared radiation at 4Hz rcsoluliorb we
are able o generate a time sequence of therinal radiation images v:m%k%l]ows us to apalyse spatiotemporal SGD dynamics.
In turn, we are able to enhance focused SGD spots (_\_I_lb;\l'\tlls ?ci&g ’L\'ﬁmouﬂagcd by strong lateral flow dynamies that may

not be observed on single thermal radiation images. use we sh(‘)w lthe ﬁaaliolempoml hehavivur of' a SGD induced thermal

radiation pattern to vary in size and over time by up to 55% for focused SGDs and by up 1o 600% for diffuse SGDs due 1o

different underlying flow dynamics. These flow dynamics cven display a short-term periodicity in the order of 20 to 78

seconds for diffuse SGD)which we attribute o an interplay of conduit maturity/geometry and wave setp.
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1 Introduction Py

Submarine groundwater discharge (SGD) is defined as “any and all flow of waler on continental margins from the seabed to
the coastal ocean™ (Bumcu\ ct_fl.. 2003). The definition already implies scveral shares of water with different origin
contributing to SGD. Next to ecifeutated scawalcr)i( is also fresh groundwater of meteoric origin. The relative share of each
water coniribution depends on terrestrial and marine controls. Recharge amounts, aquifer permeability and hydraulic
gradients define the terrestrial groundwater comributi(m)which may be the @)SGD share in arcas with high permeability
such as karstic environments. In areas with low hydraulic gradients and low permeability the mayor SGD share shifts
towards recirculated seawater driven by constantly changing hydraulic gradicnts thatare causced by tidal or lunar cycles,
stormsr wave sctup. In-situ measurements such as seepage meters, multileve! piczometer, tracersyete Jpossess the ability 1

discriminate between the shares and altow a linkage to the underlying pmcu;scs)sincc the investigated temporal scale is
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account for the spatial vm-iabilily)as the entity and interaction of terrestriul and marine controls Jead to a highly variable SGD

continuous and ranges between daily 1o scasonal cycles (Taniguchi et al.,, 2003a4; Michael et al.. 2011). Yel, al

appearance In terms of discharge type (diffuse vs. focused), flow rates, spatial abundance (even over small spatial scales),

9 2 RO W ) _ .
nixing, and/(\)fus leg:poml behaviour (Michael et al., 2003: Taniguchi et al., 2003b; Burnett et al., 2006).

In contrast, remote seusing technology allows identifying and quantifying SGD over larger spatial scales without neglecting
its spatial and paetly=owen (emporal variancewor the need to extrapolate from in-situ measurcments. Depending on the
intended spatial scale utilized )plalt‘onns différ between satellite (spatial coverage >10,000km ). airplane (spatial coverage
>100km ), and lately-unmanned aerial vehicle (hereafier UAV) systems (spatial coverage >0.1km ). From these systems the
majority of all approaches measure thermal infrared radiation (hereafler thermal radiation/radiances) (a.0. Mejias et al., 2012;
10 Kelly et al.,, 2013; Mallast ct al., 2013b: Schubert et al., 2014; Lee ct al.. 2016).

& The principle is based on temperature contrasts between SGD water and ambient water at the sea-surface. These surface
G\tﬂﬂL Stcmpcralures are directly pr(:po;tionﬂl to emitted thermal radiation (sce Stefan-Boltzman Law and%&w]%ather similar
S Lemissivity for water), @crﬁml sensors allow identifying SGID through thermal radiation anomalies. This gualitative
approach is expanded by few studies that use thermal anomalics to quantify SGD through a relation of anomaly (plume) size

15 10 measured or modelled SGD rates (Kelly et al., 2013; Tamborski et al., 2015; Lee et al.. 2016). Given a positive buoyancy

of groundwater, the intriguing simplicity of these approaches is based on the momentum of discharging groundwater

(Mallast et al., 2013a) and 4 potential deflection in the water body due to currents / wave action (Lee ¢t al., 2016) or external

forces (c.g. wind) (Lewandowski et al.. 2013), and Newton's law of cooling (Vollmer, 2009). While the latter leads 10 a

convective heat transfer between the discharging and the ambient water.svith an exponential adaption behaviour at lhe(. g’ingcc( " 2

20 of the plume, the momentum and deflections are the forces defining the size and shape of the plume. In tun, it eads o’ “

positive relationship between plume size and discharge rate (iohns(m et al,, 2008: Mallast et al.. 2013a; Lee et al., 2016) for
CAM DY

parts of the plume 1ot being de

AT Y€
i / Clear ’.Pracﬁcabllny and numerous advantages in terms of spatial

. » HpueueA ) .

cominuit)" 0507 \sgble quantification approach.,—fzi studies refy on thermal radiation snapshots recorded at a certain

instantaneous time.

25  Thus g terms ollqscale. the udv[amagc of r?'molc sensing for SGD investigations is clearly the continuous spatial scaleavhich
o ‘de e fdene lep et o - . .
allows NG a car/picmrc $t§SGD abundance and quamuﬁmdcpcndcm of its appearance and spatial variability” On the
on ’ﬁm a Vdnluge of in-situ mecasurements is explicitly the continuous temporal scale permitting a process

aw,.
understanding and elabom(ing?#r; (he]dnvcrs.

However, with the aﬁm of UAVs and the ability of multi-copters as a type of UCAV to hover over a predefined location., it

Y O L0 R i eVISEG vy €vid (U

30 , becomes sbs; o combine the continuous spatial and temporal scales. Sﬂn&q&iﬂi«ﬂv‘ lha) ¢ombination offers );‘
- , 08,

t.‘\Vi’.ﬁ;ﬁ;‘gﬁgspmimempordl behaviour o SGD in a context and with a spatial and temporal resolution that was not possible
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before. Here we report the results of such a study that uses a thermal camera system mounted beneath a mulii-copter
hovering above a predefined location to i) investigate the spatiotemporal variability of focused and diffuse SGID and i)
outline additional values of the presented approach, The swudy is conducted at a site of the hypersaline Dead Sea. at which
previously investigated submarine and terrestrial springs emerge. Existing hydraulic gradicnts in the discharging aguifers
and high density differences between ground- and lake water qualify the terminology SGD, which is usually bound to marine

environments only.

M aten —c\,[g,
2 Materi@d Mecthods

2.1 Study area

a ,
The study was conducted at known and pre-investigated SGD site (Toneseu et al., 20125 Mallast et al,, 2013b: Siebert et al.,
2014) at the castward side of the sedimentary fan of Wadi l)arga)loculcd at the western coast of the Dead Sea (Fig. 14, 1d
and le).

2.1.1 Hydrogeological setting

Discharging groundwater at the study area is replenished in the Judean Mountains cither through precipitation or ﬂzuhﬂuod.%
enter the Upper Cretaceous lime- and dolostone Judea Group Aquifers (JGA) and tlow castwards towards the 1ead
Sea Transform (DST). The transition ta the DST is marked by normaj faults and block (cctonics. Within the Graben, the
Quatemary fluvio-lacustrine Dead Sca Group (DS() is deposited in front of the Cretaceous rocks (Yechieli et al., 2010) and
receives fresh groundwater through lateral flow from the JGA. The DSG consists of clastic sediments (gravel and sand) and
stratified lacustrine sediments (clay minerals, aragonite. gypsum, halite) (Yechieli et al., 1995). Groundwater flow occurs
through several subaquifers with different groundwater levels and chemical compositions due 10 the alternations of coarse
and fine strata (Yechieli et al., 2010). In addition, due 10 the high solubility of evaporitic mincrals and microbial activity.
dissolution cavities develop, representing zones ot higher hydraulic conductivity and thus preferential flowpaths. They lead
o a Karst-like behaviour of groundwater movement (Magal et al.,, 2010; lonescu et al.. 2012). However, duc to the
continuous drop of the Dead Sea water level of ~1.3m per year, the entire fow system is highly dynamic resulting in
different degrccs,t\)nfn lm;ugly e?lf its karstic parts. A.s a result, discharg_;t ral;is locations and composition of springs along the
lake shore vary e.menscl}')(bllur?ct al.. 2016). It is hence proposekogscré:lble highly variable chemical compositions of
discharging g.roundwale@m I:a;gx. are an expression of the maturity of the karst system. The less mature the

conduits are, the larger the ratio between wetted surface and volume, resulting in highly variable concentrations between

diffuse SGD (less mature karst system) and focused SGID (mature karst system),
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2.1.2 Submarine groundwater discharge and onshore spring characteristics

Al the investigation site, locused SGD oceurrences were mapped in 2011 and 2012 by SCUBA divers and hydrochemically
investigated. Based on their findings groundwater emerges from mature karst-like underground cavitics down 10 depths of

30m below water table (Tonescu et al., 2012: Mallast et al., 2014).

From these cavities groundwater emerges as focused SGD. Subsequently. density differences between SGD water (1.00-
1.19g-cm’ Y and Dead Sea brine (1234g:cm ) trigger a continuous positive buoyancy (buoyant jet) of the emerging
groundwater towards the lakes sca surface. Within the water column and alongside the buoyant jet, dexelop considerable
turbulences entraining ambient Dead Sea wal«?;\.el\{%s)&ga;ccnding water represents a mixture of fresh and brackish water.
Once the ascending water reaches the lakek sea surfaceit devetops a radially orientated flow away from its jet centre causing/\q
circular-like pattern. These patterns arcf;;?ﬁrl){(’:}l‘ ally observable as shown in Mallast et al. (2014) at the Dead Sea ap i

. . ) che
various other cases (Swarzenski et al., 2001).

Apart from focused SGD. diffuse SGD occurs at the investigation site as wcll-)eilher in various depths below water surface
(lonescu et al,, 2012) or at the shoreline. At the study area one diffuse SGD site exists directly at the shoreline (Fig, 1e). The
discharge scems to occur over a fength of approximately 20-25m paraliel to the shoreline and was only detectable visually
through the oceurrence of schlieren in the like brine. Sampling of this water was not possible as neither the true origin nor
any discharge was identifiable that was unaflected by seawater. However, five more springs exist onshore that have been

sampled.
2.1.3 Hydrologic and atmospheric setting

At the time of emergence SGID water temperatures are 21-31.5°C. During the time of investigation the Dead Sea had a skin
teniperature of ~21°C providing a temperature maximun diflerence of 10.5°C between warmer groundwater and cooler
ambient Dead Sca water, Wind speeds amounted 1o 0.87m-s=1 (£0.16) approaching from SE to E (80°-128°9), Occurring
waves, which may influence SGD size and shape, had a frequency of 3-7 seconds with estimated wave heights <15cm.
During the flight, cloud free conditions and thus homogenous solar radiation existed.being cqually reflected at the sea-
surfacm e%fi/rc recorded area. .)

— —~rm

ConSles

The gencral approach to investigate the spatiotemporal thermal radiation variability induced by SGD consisi§of hovering

with an UAV (multicopter - model: geo-X8000) above a pre-defined SGD spot (Fig. Ic) over a time period of seversl
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minutes. The flighf'was donducted on l"cb,nl Olh)?.“l() hetween 12:43 and 12:50 aan.. During that light the UA (E/cqui;)pcd
l-’

with a thermal gystem comprising i) a long-wave infrared camera core (Flirlau2), which“ T n undooled VOx
Microbolometer

ith a 19mm lens and a 640x512 focal plane array (FLIR® Systems (2016)) und ii) a’ll
module-—~radiomgtry modulc)and image grabher (TeAx '[‘cchnology.@m(»)). The system senses LWIR rddiation in the

2 n N R O ux
9I-Iz7from which ohly every Sth frame is exportable (upprox. 4-5Hz))dcduccd nﬂc;\own lests. The core was Calibrated prior 1o

The hovering positim@3l.576516Nl35.415775!i with a flight altitude of 65m ahove Dead Sea Jevel, Due 1o the GPS
controlled nature of the UAV the hovering position displays a certain spatial variability which is, ‘cording to the flight log
*1.5m in horizontal dimension and £1.75m in vertical dimension. Position and a[liludtff@ﬁcn (i) duc 1o Isracli
regulatory framework and ii) to cover land and water in cqual shares. ‘The latter is important for the co-registration of cach
recorded image 10 @ selected master image (sce section 2.3) in order to correct the spatial variability of the UAV,_ and the
sensor during hoveringfnd to determine the position accuracy of the cu-rcgislrali(m)which is bused on two aluminium

reflectors placed directly on the shore (Fig. 1b and 1¢).

2.3 Data processing

Thermal radiance image recording with 4-5 {1z results in a wotal of 670 images recorded within a time span ot 167 seconds.,
Each image displays thermal radiances cwitted by the surface. According to the Stefan-Boltzman Law these radiances are
directly proportional 10 the existing surface temperatures and thus are the basis for the present study. Yet, due to the UAV
position variability while hovering above the pre-defined flight position. the mapped image fooprint is not congruent for
each image but varies spatially%.fﬁxc same magnitude as the position variability.

To overcome the varying footprint we define the [irst image of the set as master image and all remaining ones as slave
images (Fig. 2). Subsequently all stave images are co-registered onto the master itnage using an intensity based image

registration. The registration uses a similarity transformation \M &)nsldcr.\ translation. rotation and scaling as possible

factors induced by the UAYV position varinbil{i{y and thus the non-congruent footprints, {t was chosen due to the facxlhzu the
1

short-time differences between nnugchwh)l L catse nonlinear geometric dlﬂLrLHLLb)W . ty the land and placed
rcﬂectorg,%g;%cscn those rigid parts necded to caleulate i reliable transformation matrix. The matrix similarity between inp
matrix (master image) and transfonmation matrix (each slave image) is determined using a mean square metric that was
iterati imi ient desc il a mini step length of 1e-035 was reached.
iteratively optimized through a regular step gradient descent until a minimum step length of 1e-035 was reache ey
The so=obtained co-registration accuracy of all images. evaluated based on the positions of both reflectors, has & RMSE ol
0.58 pixel (1 pixcl = 13 em) with a mean of 0.5 pixel and a standard deviation of 0.3 pixel (see attachment Fig, S 1).

As a consequence of (he co-registration process, we reducegl the inage sizes 10 a common footprint extent represented by all

WRELS, . ‘ o

images. The so-obtained image size amounts (0 S61x376 glxebvﬁlch are used during subscquent steps. Onto all co-registered

5

c?j P
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images we then applied a manually derived land mask and normalized the radiance values of the remaining water area using

a z-score normalization to account for potential global solar radiation differences that IEBY occur over the time of
Conse .

investigation and would affect the result. The so-ebtained processed image set cons@}f 670 images (hereafter frames)

resembling a total time period of ~167 seconds.

2.4 Delincation of diffusc and focused SGD) spots an’ ge/\/\-? ! Frk(( ’}&/y sE& \/de L‘Lﬂfu 2]

Since SGD at the inve_s/ligmed’s‘llé consists of focused SGD occurring offshore and diffuse SGD occurring at the tand-water
interface \@;\c!iﬁ'erexll approaches to extract relevant discharge spots separately to finally pursue the intended temporal
investigations. Given assumption of a thermally-stabilized area over time induced by focused SGD (Mallast et al.. 2013b;
Siebert et al., 2014) “@}e thermal variance per pixel of the cntire frame set. The resulting low variance areas
represent focused SGD sites: msm:ngcaﬂed using a subjective variance threshold of <0.019. To eliminate
extraction artefacts we apply a morphological closing and deletion of objects smaller than 150 pixel to obtain the low

)
variance area representing focused SGD sites only.

In contrast, diffuse SGD discharges less water and has a smaller momentum-which inevitably leads 1o a sfpaller arca (~10'-
10° c¢m perpendicular to the coastline) along the shoreline that is lhemﬁlly stabilized. M—ﬁﬂl’éﬂéﬁlﬁﬁg thermally
stabilized. several direet forces such as breaking waves and currents influence the same arca and thus the resulting thermal
radiation patten on the seca surface. These factors lead to rather high variances compared to focused SGD flow.
Unfortunately, a similar variance can be expected from ambient art:asw j ing- influenced by highly dynamic flow
ficld induced by waves, currents and discharge. As a consequenc&wc clineate diffuse SGD from a single frame (frame 210
~ not shown) in which thermal radiation patterns induced by high discharge rates are clearly detectable (first image in Fig.
3). Analogously to the focused SGD sites )wc applied a subjective threshold of >2.5 (normalized radiation) 1o extract
discharge induced thermal patterns and elininate extraction artefacis using a morphological closing to clean extracted pattern

objcctsjnllowcd by the deletion of objects smaller than 150 pixel (o focus on larger pancrns only.

2.5 Spatiotemporal analyses (/"?' Fsbmd 1 pa St k“/ﬂ\—q*k )

The likewise condyfted tephporal ap;dlysis includes (i) a spatiotemporal analysis 10 identify spatial variability of both thermal
radiance patterns induced by SGD and (ii) a periodicity™ T
single SGDs. To explore the spativtemporal behaviour of ditfuse and focused SGD ) ct tAnsects across the

/'—,\ .—_r_‘__’__,— P - ¥ -
maximum extents of each extracted SGD. spo?as we é/xpect Hrere-the most pristine panerX;\’fl&g each Lr:nsecl, normalized

ssible reoccurring temporal discharge patterns of

thermal radiances per frame are extracted. fi lerc/d,using a'l/D 9!E—order median filter to reduce the white noise portionsand
finally plotted, highlighting the spatiotemporatbehaviour for each spot.

For the periodicity analysis we use af autocorrelation function, which méhsgres the self-similarity of a signal (Tzanetakis
and Cook, 2002). If discharge 0 regularly, it causes a periodic signal, which is (ix \ssec\j as significant peak (above or

below 95% confidence interval) in the autocorrelation function. These invcstigatio(is are pursued at specific single pixels
g »

6 .
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which are the respective midpoint of each transect as we expect the clearest and most pristine discharge induced thermal
patiern signals at these locations, for both SGD types.

2.5 Water chemistry and inverse geochemical modelling //
as wé/

Physicochemical parameters (temperature, density. pH., electrical conductivity) of all the above mentioned focused SGD but— ot S

S _also-onshore springs were measured in the field using WTW 350i and Mettler Toledo density meter. The sampling procedure

25

30

for water samples in order to analyse major clement concentrations of the discharging waters followed the procedure

described in detail in lonescu et al> (2012). Generally, samples for anion and cation analyses were filtered (0.22 um CA

filters), separately filled in HDPE bottles and stored cool. Cation samples were immediately acidified and later analysed o 7/,_
v
applying ICP-AES. Anions werc analysed using ion chromatography and bicarbonate by Gran titration. '/7ﬁJ' 'l /I,;YF st

The individual water/rock interactions, which lead to the chemical composition of the respective groundwaters in the springs
were inversely modelled applying Phreeqc and Pitzer lllcpnodqunic slalaba<s?.v_"[_he,lalm@rapplie(‘i/zince the sediment
body through which the fresh groundwaters nligrae’Q;oakchﬂmﬂt‘erstilial brine, which admixes to the fresh
groundwater. Reactive solid phases were selected on the baseof the abundant easily soluble minerals (halite, aragonite and
gypsum) in the sedimentary succession. Ion exchange on clay minerals was enabled. Modelling results were selected on the

base of probability and lowest sum of residuals.
= o
4 s>
Mot = .
2 Materjal and Methods \8(
. Sl
It is a proven fact that SGD influences the sea surface temperature and thus the thermal radiances ﬁnd&s clearly detectable
given a suflicient contrast between groundwater and sea/lake water temperature and a certain dischdrge' volume/ momentum
(Johnson et al., 2008; Lcc ct al., 2016). OQu/l‘)rcsults conflirm this fact as diftuse SGD induces thermal radiance patterns with
ﬁ}/clearly visible in the first frame (Fig. 3) and spatially coincich‘(«n’th our fieid
observations. Ye%}he single thermal radiance image suggests the diffuse discharge\k{occugin two distinguishable patterns,

values >1 (higher temperatures) thi

The first pattern is a coastal fringe of 35m length and of ~10 pixel (1.3m) widih, showing elevated normalized thermal
radiance (NTR) values >1. This distribution along the shoreline exceeds the visual results of ca 20m by a factor of two and
suggests a homogenepusly distributed, low velocity and low rate discharge of warmer sroun i
onshore and ; Aty dﬁ&@y at the water/land interface (Ist frame in Fig. 3). - Bromnduaier that posiy SRS fwjm
The second, scemingly dominant pattern is characterized by NTR values >1, but in contrast to the first, it consists of
distinctive counter-rotating vortex pair (CVP) flow structures (Cortelezzi and Karagozian, 2001), discernible based on the
mushroom shape, with length axes between ~20 to ~46 pixel (2.6m-6.0m). The cause appears 10 be 4 focused and lateral jet-

like discharge at four locations (1st frame in Fig, 3). Plumes, caused by both discharge forms, are subsequently deviated
towards N-NE,

/]

2
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Focused SGD with an expected circular tolelliptic hape}zs ogserwmﬁa—shwn-mgld in-Mallast et al. (2014) and Swarzenski et al.

(2001) suggest, are not clearly visible from the single frame (one thermal radiance image) only. At the upper and-ghe left

endSpf the single frame (1st frame in Fig. 3).three half-circular patterns with NTR values between -0.6 and 0 foreshadow

focused SGD spots, which coincide with in-Situ observed and sampled focused SGD spots 11/120, 11/121 and 12/382.~ cud &&5
5 from the thermal radiation perspective,clear spatial indications for more than these three SGD-sites are missing.

Given the assumption of SGD to thermally stabilize thermal radiance variation at the sca surface over time, as shown for

satellite images (Schubert et al., 2014; Oehler et al., 2017), we integrate several frames (thermal radiance images) to enhance

the abovementioned focused SGD spots and to reveal further ones,

‘T'he thermal radiation variance of 10, 50 and 100 frames (integration of ~2.5, 12.5 and 25 scc. respectively) already indicates
10 thermally stable (variance values <0.2) and thermally labile areas (variance values >0.2). However, with larger integration

times of 300 and ?70 g‘ames (integration of ~75 and 176 sec. respectively). the threc abovementioned focused SGD spots
a

S g
appeur) two (additional SGD spots in the upper part of the resulting variance image (lower right image, Fig.J))which
4 5 = b
spatially coincide with in-situ observed focused SGD sites 11/101, and 11/102. In the t‘oltowinﬁp\cve f6cus ‘on the three

2

largely complete focused SGD spots | to 3 (Fig. 3). These three focused SGD spots exhibit variance values <0.019 and
15 clliptical (1st spot) to circular (2nd and 3rd spot) shapes at the sea-surface und%{lri_né:'d by the individual length/width ratios
(Fig.4). The lowest variance values )and therefore the thermally most stable area localeﬁl the southern end of the 1st and
2nd SGD spot and on the northern end of the 3rd SGD spot. Thermally indicated surface areas vary between 4.1 and 28.7 m
7 (alhci\gthe similar spring depth of 13-20 m.
!

3.1 Spatiotemporal behaviour of discharge induced thermal radiance patterns

20 While the previous variance analysis highlights thermally stable and labile areas useful for identifying SGD SpolSj'l allows 03,(? {
. . ; S - e Condirina
statements concerning the spatiotemporal discharge behaviour of cach SGD spotbriy-sonditiowatly. ‘é‘mfonnalion will
be derived through the introduction of transects (see left column of I'ig.5 and Fig.6) constructed across the maximum extent

of cach extracted focused and diffuse SGD spobus we cxpect here-the most pristine patterns representative for each spol/\‘ﬁi e :;’”‘r
AR

3.1.1 Spatiotemporal behaviour of focused SGI spots

25 The middle column of Fig.5 shows the tite sequences of NTR values along cach SGD transect. Furthermore, SGD spot
boundaries are indicated (white lines =maximum gradients of each transect profile), which provide an orfentation for the
spatiotemporal behaviour of cach spot. The focus is set on the area in between the boundaries representing the area in which
SGD governs the thermal radiation distribution. In case of the Ist focused SGD spot, the location is rather stable with its
centre between transect pixel 18 and 23 (spatial shift of <0.65m). In contrast, its boundaries are highly dynamic resulting in a

30  varying distance between 20 and 31 pixck(~2.6m to 4.0m respectively; for 90% of the data) and thus a change of 55% (Table
1). This dynamic partially follows a certain trend during which both boundarics (white lines) show a synchronous directional

change over a certain period (e.g. frame 150-400). Within the SGD spat, NTR values peak around the transect centre and

8
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decrease towards both boundarics. This peak is higher during the first 300 frames with N'TR values ~0.24 and decreases

slightly between frames 300 to 500 to values of 0.08 before it increases to values around 0.18 for the remaining frames.

The centre of the 2nd focused SGD spot shifts between transect pixel 40 10 45 (<0.65m), indicating similar stable conditions,
5 while the boundary behaviour slightly differs from the 1st focused SGD spot. The lower boundary is rather stable fluctuating
around transcct pixe! 70, whereas the upper boundary describes on average a wave-like change between frames 1 and 300
before displaying a stable fluctuation around transcct pixel 20. The resulting diameter of the 2nd focused SGD spot is
therefore between 43 and 60 pixc5(~5.59 1o 7.8m: for 90% of the data) and (hus show a change 0f39% (Table 1).
Compared to 1st focused SGD spot, the absolute peak values of the 2nd focused SGD spot of -0.26 and their general trend
10 over time arc lower. They display a rather random behaviour over all frames with the exception of frames 485 to 520 during
which the peak values (around -0.17) are higher.
The location of the 3rd focused SGD spot, which centres between transect pixel 15 to 20 is as stable as the latter. The spot’s
boundaries are stable during the first 200 frames ur-ﬁ'\\él—wg&e‘/fl/%ef ﬁlfp/lay a synchronous directional change similar to the
7 ls/l _foggsggi_i(}_l}_sp_mﬁ%r the remaining ram¢s, the Jower boundary is highly dynamic and totatly raadom)vhilc the upper S//O 7%( .
lsc's rather stablc with lcss ﬂuctwtio?@w alsostarts to becoine highly dynamic with random change. The f{//’/ A )
¢n the first 200 frames is between 18 1o 21 pixel (~2.34m to 2.73m respectively: for 90% f7:; ~
of the data) and thus rcsemblSa change of 16% (Table 1). The peak valucs of -0.08 to 0.06 resemble those of the 1st and to a
lesser extent thosc of the 2nd focused SGD spot. Over time, they exhibit a similg;a.ndom behaviour over all frames with the

exception of frames 485 to 520 during which the peak values are higher with-valuesof ~0.06.

esulting boundary distance betwe

20 3.1.2 Spatiotemporal behaviour of diffuse SGI) spots

Analogous 1o the focused SGD spots, the middle column of Fig, 6 shows time sequences of the NTR values along the
transects of cach diffuse SGD spot to illuminate the spatiolemporal discharge behaviour, Apparent for the 1st, 2nd, and 3rd
diffuse SGD spots are higher NTR values > 4 for a constant transect length of 5-8 pixel (~0.65m-1.02m) starting at the
shoreline. Only the 4th diffuse SGI spot exhibits no constantly elevated NTR values over the entire observation time close ﬁ;
25 the shoreline. All spots have-incomumen-te show outburst-like events during which NTR values > 3 occur. %q&zr?ﬁqh:
onsets and influence lengths of theses outburst events vary. While for the first spot the average influence length reaches 20

) ovIseqmnent
(2.60m) and the fourth only 7 pnxe5(0.91m). Caunecqﬁgns#y &ﬁe’percemage change of the influence length axis is between 7

pLxe5(=2.60m) for NTR values >3, the average lengths of the ?ccond is 33 pixe\l§=4.29m)' ¢ third has a length of 20 pixele

150% for the first and third diffuse SGD spot, amounts to 266% for the second spotjnd reaches up (o 600% for the fourth
30 spot.



30

Hydrol. Earth Syst. Sci. Discuss., https//doi.org/10.5194/hess-2018-361 Hydrology and & @

Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System = \j
Discussion started: 12 July 2018 Sciences ‘\v
(© Author(s) 2018. CC BY 4.0 License. ~ Discussiens

3.2 Periodicity analysis

The previous spatiotemporal behaviour already pointed at a certain recurrence pattern of the observed t naI'radialion but

L L .
lacked a distinct statement on whether or not it contains a significant periodicity and thus a dominating foreing-inducing it.
In order 1o provide a clear and temporally -mestly pristine discharge signalqve ana]y@ts temporal pattern based on a single
pixel of cach transect (midpoint of the transect) using a temporal autocorrelation analysis (see right column in Fig. 5 and

Fig.6 respectively).

3.2.1 Periodicity of focused SGD spots

Temporal autocorrelation of the 1st focused SGD spot distinctively differs from the 2nd and 3rd focused SGD spots. The 1st
spot shows a small but significant negative autocorrelation of -0.25 between lags (frames) 268 and 367 (~64-92 seconds).
indicating a recurring pattern and hence a centain periodicity (Fig. 5). This observation matches the aforementioned peak
value shift from 0.24 10 0.08 at the same frame region. The 2nd focused SGD spot shows a small positive autocorrelation of
0.21 at lag (trame) 8‘%‘@\&1\‘3 remaining peaks vary in both dircctions, but below the confidence intervals. Both facts are
distinclively different 1o-the autocorrelation of the 1st focuscg‘?(}l) spot, but resemble the autocorrelation function of the 3rd
SGD spot ) 'hose peaks are exclusively insignificant and refleeting no periodicity indication.

3.2,2 Periodicity of diffuse SGD spots 9

Time scquence plots (middle column in Fig. 6 alrcad;b indicate a regular recurrence of thermal radiation values. This
behaviour is underlined by the temporal autocorrelation of a (hﬂuse SGD spots, which show a significant temporal
autocorrelation that occwrs at different lags and mestly wnh dsﬂe \é)nt intensities (Fig. 4). While the 1st diffuse SGD spot
exhibits only one significant period at lag 81 (~20 seconds), 1he 2nd spot shows two, one at lag 81 and a second one at lag
247 (~62 seconds). Despite Lhe spanal proximity of ~5m to the ones before, thc 3rd diffuse SGD_spot shows a different
temporal autocorrelation onc significant peak at lag 143 (~36 seconds)| Similarly different js the 4th spot, which
exhibits two peaks at lag 198 (~50 scconds) and lag 314 (~78 seconds). All plots in the right column contain a reference
autocorrelation funumn of a pixel closelgolhe source point at the shoreline (transcct pixel three). This reference clearly
shows a hlgh b{h}vmu.r unlike the ones described before (except for the last diffuse SGD spot).

3.3 Water chemistry and inverse geochemical modelling

The sampled focused SGD and onshore springs display a temperature between 21 and 31. €°C Thmjgh the groundwater of
both focused SGD and onshore springs originates from the samc freshwater JG ey 1sch ge brackish water with
salinities (TDS) ranging between 4.87 g/l and 26.0 g/l with lhgltendcnc ' 10 be less saline onshore (TDS=12.8 g/l)

compared to the fOGD (TDS=20.1 g/l). The inverse geochemical modelling results indicate halite, aragonite and
gypsum to be the mosT important minerals in solution, though ion exchange on clay minerals plays a significant role.

10
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-Hewcvm{;{though discharge locations are very close, the amount of dissolved halite (0-0.01 mol/kg H20), aragonite (0-
0.004 molkg H20) and gypsum (0-0.02 mol/kg H20) vary significantly between the different springs (Table 2). Translated
into cavitation rates, the different branches of the groundwater system, which feed the individual springs, dissolve 59-1 552

cm3 of halite, aragonite and gypsum per cubic meter of through-flowing groundwater.

4, Discussion

The high spatial and temporal resolutions of the thermal radiation data clearly show a highly dynamic setting with various
discharge locations, patterns, and forces. Analysing the spatiotemporal behaviour of each SGD spot independent of its type
reveals striking details: i) it enhances focused SGD patterns otherwise being camoutlaged by strong lateral flow dynamics
and sheds light on crossflow influcnces, ii) the spatiotemporal behaviour shows a thermal SGD pattern size variation over
time of up to 55% for focused SGDs and 600% for diffise SGDs due to gfﬁu}x;g_m flow dynamics\and iii) it reveals a
periodicity for diffuse SGD. We discuss thesc aspects in the followin %r&# mulhﬁ; possible driving forces or causes,and

conclude with general remarks to the presented approach and transferability.

4.1 Enhancing focused SGD 7

Deriving clear SGD indications from singic frames such as in Fig. (might be non-u'i\:iallspecially in a highly dynamic

system as the one presented. For the present case we suggest the following causes 10 be relevant:

(i) lateral flow dynamics induced by diffuse discharge with higher temperatures (sec point (ii)) govern the investigated
area and superimpose thermal radiance signals from vertical flow of focused SGID as mentioned in Mallast et al.
(20132), and

(i1) entrainment of ambient water during the wrbulent ascent (buoyant jet) of groundwater to the sca-surface (Jirka,
2004) leads to a consequential adaption of temperature and thus the emitted thermal radiance,

(iit) potential groundwaler discharge fluctuation with possibly very small to stagnant discharge rates, as described in
Ionescu et al. (2012) for (he presented s@l the moment ofrecordingyvhich lead to no traceable thermal radiance
signal from SGI) at the sea surface. Lre fl

However, the abovementioned possible relevant causes hﬁ&.m.commﬁ_m.bc dynamic in spatial and temporal terms. Thus,

accounting for the fact of a thennal stabilization at the sea surface as a consequence of a continuous discharge of equally

tempered groundwater (Sicbert et al., 2014) reveals thermally stable area induced by SGD that might otherwise be oot

UWdetectable. The thermal stabilization is accompanied by the interplay of fluid movements (lateral vs. vertical flow kinetics)

30

S5 . ,
and thus resulting a\?&-dcvelopmg water surface geometries (wave structures) e.g. at the interface of opposing water flows.
Surface geometries have an cilect on the recorded thermal radiances due to the directional dependence of the surface
emissivity (Norman and Becker, 1995; Cheng and Liang, 2014). Wave froms)for example.)with surfaces being orthogonal to
the sensor (0°)ywould ha /{ﬁghem thermal radiance values. As the angle to the sensor increases. recorded thermal radiances
decreasaxslthough the sea surface-temperature is the same (Cheng and Liang, 2014). Thus the temporal effects through a

11
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thermal stabilization and changing surface gg?’metries as a consequence of flow dynamics are the two governing drivers
which allow 4 Ubetw%e l(:ogxgzd,‘SGD through the integration of (hermal radiation over longer time periods.
According to our ﬁndings)thc thermal radiance variance over a period of 25 seconds (100 frames) already provides a
sufficient basis to outline SGD areas (Fig. 2). Integrating over longer time periods swea-emphasizes SGD areas, which
consequently confirms the thermal radiance stabilization over time at the sea surface of a SGD-affected area (Sicbert et al.,
2014).

Apart from enhancing focused SGD occurrences, the shape of the focused SGD variance pattern at the sea surface along with

/f h¢ location of the lowest variance values (thermally most stable area) gives an indication of SGD emergence locations and the

/\ deflection of the resulting vertical plume until it reaches the sea surface. None of the three are perfectly circular which would

10

30

refer to an uninfluenced positive buoyancy of discharging water and a SGD emergence directly beneath the centre o the
variance pattern (Jirka, 2004). Instead, they all are more or less dhpuﬂmth \:west variance values at the somhen},(i st and
2nd SGD sport) and at the northern ends (3rd spot). The remarkable clhpuc,\s ape we 1st SGD spot implies a crossflow
from south causing a northward deflection of the vertical SGD plume and an ellipti ,{shape of the hor%tal plume pattern at
the sea surface (Akar and Jirka, 1995). The same northward deflection with less pronounced elliptigshapes exhibit the 2nd
and 3rd SGD spot. This deflection is most likely induced by flow dynamics as a consequence of diffuse SGD. Since the
location of the diffuse SGD spots, especially those with distinctively periodic events with higher discharge rates (Fig. 4), is
directly SSW and shows the same northward horizontal plume orientation, we suggest this discharge m—ge the driving force

for the deflection.

4.2 Spatiotemporal behaviour of SGD patterns

The variance image provides an average representation of all SGD spots, which are especially useful for reliable
size/discharge comparison purposes between SGD spots and likewise allow outlining SGD spot However ag the previous
section gready points out, all are subject 1o cxternal forces such as currents, waves)htrtgso‘mtemal dxgg}lgr;: :11/3,'\nta{mlc‘¢;dr
i (mésultmg pattern shape and size characteristics of the thermal radiance pattern over time.

For focused SGD the observed thermal radiance pattern sizes (distance between boundaries) over time show a spatial
variation between 16% (=2.3m for the first focused SGD spot) and 55% (=4.0m for the third focused SGD spot). The
variance is clearly a resull of occurring lateral flow dynamics constantly influencing the patiern on the sea surface. Yet, the
influence is anisotropic in space and time as the lateral flow dynamics are dominated by waves coming from the East, the
interaction of horizontal SGD plumes on the sea surface (¢.g. 2nd and 3rd focused SGD) as described in Teamah and Khairat
(2015), but moreover the strong lateral flow dynamics (crossflow) induced by the discharge impulses of diffuse SGD that in
the following is deflected to the NE. The interplay and constant temporal changes lead 0 an asynchronous boundary
movement for most of the observed SGD induced thermal radiance patterns that it is only partly changing 10 a synchronous
movement as for the 1st and 3rd focused SGD spot during the first 200 frames. During this time only one force seems to

dominate the dynamic, causing the synchronous behaviour.

12
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The SGD induced thermal radiation pattern size variation is different for the observed diffuse SGD spots. While threc out of
four spots constantly influence an arca of 5-8 pixel (~0.65-1.04m) along the shoreling, outburst-like cvents change the
influence length perpendicular to the shoreline between 150-600% and bereeer~0.60-4.29m. The constant influence reflects
a continuous diffuse discharge with tower discharge rates. The latter however clearly shows a focused flow with intermitient
5 higher discharge rates. Higher discharge rates induce a higher momentum and consequentially increas%lhe influenced arca
ofY the discharge spot. In tum it revealg\‘ﬁi 1'conduits #e exist aleeady close to the shoreline and next to diffuse SGD. The
intermittency with a seemingly reccurring temporal pauem)howcvcr)poims at a steady interplay of different forces that is

subject to the next section.

4.3 Periodicity of diffuse SGD

10 For focused SGD spats, we could not reveal a significant periodicity, cither because of the limited observation length or
because no perindicity exists. For diffuse SGD spots the temporal autocosrelation analysis reveals significant periodicities.
The periodicity of dischargc.ratf: evenls varics significantly among given spots between 20 to 78 seconds (right column of
Fig. 4). memjﬁ{rémifé l/FLther example of the high temporal discharge variability-emser-over small spatial scales
which, normally, is due to tides or wave-setup that change hydrostatic pressure conditions (Taniguchi et al.. 2003b; Burnett
1S et al., 2006). For the present case, tidal influences are irrelevant as the tidal cycles do not exist at the study site. Wave
influence on the other hand cannot be excluded per se. Iowever, most likely it is not the main cause since observed wave
frequency of 3-7 seconds would cause high-frequency discharge intermittency of the same magnitude. Precisely this high
frequency is observable in the autocorrelation graphs of Fig. 4 close to the shoreline (transect pixel 3¥ Yet, it likcwis<>proves

the minor wavc influence on the main discharge events with an observed frequency that is up to 10 magnitudes larger. Along

-

.

20  with the focused discharge naturc. it rather points at an interplay of wave-setup and a geometry effect within conduits of
groundwater flow a?[n(;grél'ying mechanism as described for karst areas in Smart and Fo:’(;‘('l{‘%). Discharge behaviour in 7
this case depends on the maturity and geometric formation of trjg cousluit nemork:gs therefore highly mj\sptropjg, a nc{

heterogencous, and features a rapid flow (Suri¢ et al., 2015). E@eeially anisotropy and heterogeneity can| likem\a\l‘m:l ,_\be
observed for the discharge behaviour of all SGD spots since neither discharge onset nor periodicity agrees amdiié the
25 .i_mi‘ixidual spots)cvcn though their spatial location is within 10m distance.

/fy\a“\&%, through the existence of several subaquifers as described in Yechicli et al, (201(2)c0nduits can develop through the

“d fuzzy dissolution of easily soluble minerals aragonite, gypsum, and halite contained ir’"the sediment. These conduits are
assumed to be less mature close to the shoreline, as the fresh-saltwater interface is moving lake-wards with dropping lake
fevel and the subsequently dropping groundwater tables. Thus, in these areas the time of freshwater being in contact with

30 dissolvable sediment is short which leads (o initial karstification status. However, due 1o the fuzziness of the process, even in
this initial karstification area, the cavitation rates vary leading to different degrees of conduit maturity. Consequem@, it is
thoroughly possible that an initial anisotropic karst system exists onshore and especially around the shoreline. This system is

f\\/\ A
certainly less developcd/yay}he onc described for focused SGD spots in lonescu et al. (2012)7& similat ?ﬁsouopic. In

13
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interaction with the wave sctup, we sugges%he initial karst systcm te<ethe cause for the diffcrent onsets and influence areas

for the observed outburst-like events.

4.3 General remarks

The hovering, of the UAV over a predefined location and the sensing of thermal radiation at a rate of 4-5Hz allows
%&wﬁ'ﬁ: continuous spatial with the continuous spatial scale. Thus it is possible to provide detailed and high resolution
information on SGD dynamics but also on external forces influencing it. Despite the short total observation time of the
present study it shows a temporal discharge behaviour in the range of 101-102 seconds. Classical in-situ measurements
however usually have measuring intervals of 10'-10% minutes (Cable ct al., 1997; Mulligan and Charette, 2006; Michael et
al., 2011) and thus differ by the order of onc magnitude. These intervals could not reflect the observed short-term discharge
dynamics. Moreover, the spatiotemporal continuous results also provide indication on suitable and unsuitable sampling sites
in spatial terms, E.g. with the clear indication on where diffuse SGI) occurs and where exactly the transition between diffuse
SGD with a focused SGD nature is, indicates proper sampling sites for cach of them, that could not be done with a subjective
selection of sampling sites. Thus, applying the presented approach before pursuing in-situ sampling which includes the
selection of proper sampling sites and sampling intervals is undoubtedly advantageous.

It is likewise advantageous for SGD monitoring and especially SGD quantification purposes. Recalling fmemr the
introduction, the basis for SGD quantification is the size of thermal radiance patterns (plumes) in most studies (Kelly et al.,
2013; Mallast et al., 2013a; Tamborski et al., 2015; Lee et al., 2016). The presented results show a spatial variation of 150-
600% for diffuse SGD which indicates the possible uncertainly that underlies a quantification based on single thermal
infrared images. 4 8,

In this context the question arises‘b&p&,;{\fansferability of the presented approach. In general we propos;\ h‘\?ﬁpproach be
applicable to other arcas with diffuse or focused SGD)since the method requires an UAV with a mounted thermal camera

system only--and—some-rigid points/arca within the covered footprint to allow a proper co-registration of ail frames.

/7 B 5 \ X
;hﬁ{ec@?\le{dablc is fur!hcrmo,'e A{.empemlurc difference of groundwater and ambient water allowing a clear differentiation. )

R

—_—

— Lo

5, Conclusion — g — S

Hovering with a UAV over a predefined location recording thermal radiances at a temporal resolution of 4-5Hz is a novel
application technique combining continuous spatial and temporal scales. Based on the combination we enhance focused
SGD patterns otherwise being camouflaged by strong lateral flow dynamics that may not be observed on single thermal
radiation images. We furthermore show the spatiotemporal behaviour of 2 SGD induced thermal radiation pattern to vary in
size and over time by up to 55% for focused SGDs and by up to 600% for diffuse SGDs due to different underlying flow
dynamics. We want to emphasize this aspect as it is important for SGD monitoring and especially SGD quantification
purposcg)which rely on single thermal radiation images and El%temporal snapshots Qﬁ) may not provide the entire

i . And | ; 2 indici .
picture astlije are able to reveal a short-term periodicit inhe order of 20 to 78 seconds for diffuse SGD /)yhich we
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artribute to an interplay of conduit maturity/geometry and wave setup. The observed periodicity differs by the order of a
magnitude to classical in-situ measurement intervals, which would not be able to detect the temporal behaviour we observe.

Since SGD, independent of it type, is h}@y heterogencous in space and time, as we have also shown in our study, we
(thilﬁ?l

suggest, where possible, the presented approach before any in-situ sampling to identify proper sampling locations
and intervals. In that way SGD investigations, especially in systems with complex flow, will be able to optimize sampling

strategies and will possibly improve their results.
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