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Abstract. Volatile halogenated organic compounds (VHOCs), such as methyl halides (CH3X; 33 

X=Br, Cl and I) and very short-lived halogenated substances (VSLS; CHBr3, CH2Br2, CHBrCl2, 34 

C2HCl3, CHCl3 and CHBr2Cl) are well known for their significant influence on ozone 35 

concentrations and oxidation capacity of the troposphere and stratosphere, and for their key role 36 

in aerosol formation. Insufficient characterization of the sources and emission rate of VHOCs 37 

limits our present ability to understand and assess their impact in both the troposphere and the 38 

stratosphere. Over the last two decades several natural terrestrial sources for VHOCs, including 39 

soil and vegetation, have been identified, but our knowledge about emission rates from these 40 

sources and their responses to changes in ambient conditions remains limited. Here we report 41 

measurements of the mixing ratios and the fluxes of several chlorinated and brominated VHOCs 42 

from different landforms and vegetated sites at the Dead Sea during different seasons. Fluxes 43 

were highly variable but were generally positive (emissive), corresponding with elevated mixing 44 

ratios for all of the VHOCs investigated in the four investigated site types ― bare soil, coastal, 45 

cultivated and natural vegetated sites ― except for fluxes of CH3I and C2HCl3 over the 46 

vegetated sites. In contrast to previous reports, we also observed emissions of brominated 47 

trihalomethanes, with net molar fluxes ordered as follows: CHBr2Cl > CHBr3 > CHBrCl2 > 48 

CHCl3. This finding can be explained by the enrichment of soil with Br. Correlation analysis, in 49 

agreement with recent studies, indicated common controls for the formation and emission of all 50 

the above trihalomethanes but also for CH2Br2. Also in line with previous reports, we observed 51 

elevated emissions of CHCl3 and C2HCl3 from mixtures of soil and different salt-deposited 52 

structures; the high correlations of flux with methyl halides, and particularly with CH3I, 53 

suggested that at least CH3I is also emitted via similar mechanisms or is subjected to similar 54 

controls. Overall, our results indicate elevate emission of VHOCs from bare soil under semi-arid 55 

conditions. Along with other recent studies, our findings point to the strong emission potential 56 

of a suite of VHOCs from saline soils and salt lakes, and call for additional studies of emission 57 

rates and mechanisms of VHOCs from saline soils and salt lakes. 58 
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1  Introduction  59 

Volatile halogenated organic compounds (VHOCs), such as methyl halides (CH3X; X=Br, Cl 60 

and I) and very short-lived halogenated substances (VSLS) contribute substantially to the 61 

loading of tropospheric and lower stratospheric reactive halogen species (RHS, containing Cl, 62 

Br or I and their oxides) (Carpenter and  Reimann et al., 2014;Carpenter et al., 2013;Derendorp 63 

et al., 2012). RHS in turn lead to destruction of ozone (O3), changes in atmospheric oxidation 64 

capacity, and radiative forcing (Simpson et al., 2015). Depletion of O3 in the stratosphere is 65 

associated with damage to biological tissues owing to an increase in transmittance of UVB 66 

radiation (Rousseaux et al., 1999). In the troposphere O3 depletion is of great importance, given 67 

that O3 is toxic to humans, plants, and animals, is a greenhouse gas, and plays a key role in the 68 

oxidation capacity of the atmosphere.  69 

Owing to their relatively short lifetimes (<6 months) the transport of VSLS to the 70 

stratosphere occurs primarily in the tropics, where deep convection is frequent. Brominated 71 

VSLS primarily originate from the ocean whereas chlorinated VSLS, except for CHCl3 and 72 

C2H5Cl, originate primarily from anthropogenic sources. CH3I, having a relatively short 73 

lifetime, is also classified as a VSLS, and contributes significantly to tropospheric O3 74 

destruction in the marine boundary layer (MBL) (Carpenter and  Reimann et al., 2014) and also, 75 

indirectly, to cloud condensation nuclei formation (O'Dowd et al., 2002). It is now well 76 

established that emission of brominated (e.g., CHBr3, CH2Br2, and CHClBr2) and iodinated 77 

(e.g., CH3I) VSLS tends to be much larger in coastal areas than in the open ocean (Carpenter et 78 

al., 2009;Carpenter et al., 2000;Liu et al., 2011;Bondu et al., 2008;Manley and Dastoor, 79 

1988;Quack and Wallace, 2004),  since in the former they can also be emitted from macroalgae 80 

under oxidative stress at low tide (Pedersen et al., 1996). The ocean is also a major source of 81 

CH3Br, and a significant (~19 %) source of CH3Cl (Carpenter and  Reimann et al., 2014), as 82 

they originate from phytoplankton, bacteria, and detritus. 83 
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Despite the numerous efforts made in recent years to evaluate halocarbon budgets, 84 

uncertainties still exist concerning the strengths of both their sources and their sinks. The 85 

budgets of CH3Br and CH3Cl are unbalanced, with sinks outweighing sources by ~32 % and 86 

~17 %, respectively (Carpenter and  Reimann et al., 2014). Uncertainties in the global budgets 87 

of naturally occurring VSLS are large, with discrepancies having a factor of ~2−3 between top-88 

down and bottom-up emission inventories (Carpenter and  Reimann et al., 2014). This results 89 

largely from poor characterisation of emission sources (Warwick et al., 2006;Hossaini et al., 90 

2013;Ziska et al., 2013).  91 

Studies over the past few decades have clearly demonstrated that terrestrial sources also 92 

constitute a major fraction of the atmospheric budget for both methyl halides and VSLS 93 

(Carpenter and  Reimann et al., 2014). Many terrestrial plants have been identified as sources of 94 

CH3Cl (Yokouchi et al., 2007), and the results of recent modelling indicate that about 55 % of 95 

the global sources of CH3Cl originate from tropical lands (Xiao et al., 2010;Carpenter and  96 

Reimann et al., 2014). It was also suggested that natural terrestrial sources of CH3Br, especially 97 

emissions from terrestrial vegetation, must account for a large part of the missing sources 98 

(Gebhardt et al., 2008;Yassaa et al., 2009;Warwick et al., 2006;Gan et al., 1998;Yokouchi et al., 99 

2002;Moore, 2006;Rhew et al., 2001;Wishkerman et al., 2008), and emissions have been 100 

observed from peatlands, wetlands, salt marshes, shrublands, forests, and some cultivated crops 101 

(Gan et al., 1998;Varner et al., 1999;Lee-Taylor and Holland, 2000). CHCl3 was also found to 102 

be emitted from various terrestrial sources, including rice, soil, tundra, forest floor, and different 103 

types of microorganisms such as fungi and termites (see Dimmer et al. (2001) and (Rhew et al., 104 

2008)). 105 

The importance of VHOC emission from soil, sediments, and salt lake deposits was recently 106 

recognized (see Kotte et al. (2012), Ruecker et al. (2014), and references therein). For example, 107 

Keppler et al. (2000) revealed natural abiotic emission of CH3Br, CH3Cl, and CH3I as well as 108 

additional chlorinated VHOCs from soil and sediments harboring an oxidant such as Fe(III), 109 
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halides, and organic matter (OM), while Weissflog et al. (2005) found that salt lake sediments 110 

can be a source for several C1 and C2 chlorinated species, including CHCl3 and C2HCl3, 111 

induced by halobacteria in the presence of dissolved Fe. Huber et al. (2009) identified an abiotic 112 

natural emission of trihalomethanes from soil, including CHCl3, CHBrCl2, and CHBr2Cl, 113 

induced by oxidation of OM by Fe(III) and hydrogen peroxide, while Hoekstra et al. (1998) 114 

identified natural emission of CHBr3 following enrichment of the soil by KBr. In addition, 115 

Carpenter et al. (2005) identified CHBr3 emission from a peatland or another terrestrial source at 116 

Mace Head. Albers et al. (2017) revealed that CHCl3, CHBrCl2, and potentially also other 117 

trihalomethanes can be emitted from soils, probably induced by hydrolysis of trihaloacetyl 118 

compounds. Several other studies report strong emissions of CH3Cl, CH3Br, and CH3I from 119 

coastal marsh vegetation and to a lesser extent from the marsh's soil (Rhew et al., 2002;Rhew et 120 

al., 2001;Rhew et al., 2014;Wishkerman et al., 2008;Rhew et al., 2000), with significant 121 

importance on a global scale (Deventer et al., 2018;Manley et al., 2006). In addition, peatland 122 

has been indicated as an important source for CH3Br, CH3Cl, CH3I and CHCl3 (Simmonds et al., 123 

2010;Khan et al., 2012;Dimmer et al., 2001;Carpenter et al., 2005), and Sive et al. (2007) 124 

identified a globally significant source of CH3I from mid-latitude vegetation and soil.  125 

Accordingly, the need for improved understanding of VHOC emission from saline 126 

environments and their potential importance on the global scale have been highlighted by recent 127 

studies (Weissflog et al., 2005;Kotte et al., 2012;Ruecker et al., 2014;Deventer et al., 2018). 128 

Moreover, owing to global warming, saline environments are likely to become more prevalent 129 

(IPCC 2007;Ruecker et al., 2014). The present study is aimed at improving our knowledge about 130 

the emission of VHOCs from salt lake environments by quantifying the flux and the mixing 131 

ratios of methyl halides and halogenated VSLS from different sites in the area of the Dead Sea.  132 

The Dead Sea is unique because it is the lowest point on the Earth’s surface, about 430 m 133 

below sea level, with water salinity and [Br−]/[Cl−] ratio 12 and 7.5 times higher than in normal 134 

ocean waters, respectively. Fast evaporation from the sea leads to a variety of newly exposed 135 
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landforms. Despite the high salinity, emission of VHOCs via biotic processes at the Dead Sea is 136 

also potentially feasible. The unicellular green alga Dunaliella parva was found to be active in 137 

Dead Sea water (Oren and Shilo, 1985), while additional bacteria and fungi that were isolated 138 

from the sea could also potentially be active under the extreme conditions (Oren et al., 139 

2008;Jacob et al., 2017;Buchalo et al., 1998). Mycobiota, including fungi and biota, were also 140 

detected in the Dead Sea’s hypersaline soil and coastal sand (Pen-Mouratov et al., 2010;Kis-141 

Papo et al., 2001;Jacob et al., 2017).  142 

Studying the emission of VHOCs at the Dead Sea is also interesting, in view of local 143 

sharp ozone depletion events (Hebestreit et al., 1999;Tas et al., 2003;Matveev et al., 144 

2001;Zingler and Platt, 2005;Tas et al., 2006) as well as mercury depletion events (Tas et al., 145 

2012;Obrist et al., 2011) in the boundary layer at this area. Emissions of brominated and 146 

iodinated VSLS can potentially lead to formation of the reactive iodine and bromine species that 147 

are responsible for these processes.  148 

 149 

2  Methods 150 

2.1 Field measurements and samplings  151 

Field measurements were taken at selected sites along the Dead Sea to measure the mixing 152 

ratios and evaluate the vertical flux of VHOCs over different land-use types, seasons, and 153 

distance from the seawater, as summarized in Table 1. Soil samples from the various sites were 154 

analyzed and meteorological measurements were performed in situ, as described below. 155 

 156 

2.1.1 Measurement sites  157 

All measurements were taken at the Dead Sea area. The Dead Sea’s geographic position is 158 

between 31°50’ N and 31°00’ N, 35°30’ E, about 430 m below sea level. It is located in a semi-159 

arid area with a very high seawater evaporation rate of 400 cm y−1 (Alpert et al., 1997), and has 160 

only a low rate of freshwater inflow. As a result, the water salinity is 12 times higher than that 161 
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of normal ocean water. Dead Sea water contains on average 5.6 g L−1 bromide and 225 g L−1 162 

chloride (Br-/Cl- ratio ≈ 0.025) (Niemi, 1997), whereas normal ocean water contains 0.065 g L−1 163 

bromide and 19 g L−1 chloride (Br-/Cl- ratio ≈ 0.0034) (Sverdrup, 1942).  164 

All measurement sites are nearly flat and are located either along or near the Dead Sea coast 165 

(see Fig. 1). Overall, for our investigations we selected emissions from bare soil sites (BARE) at 166 

Mishmar (MSMR; BARE−MSMR) and at Massada (MSD; BARE−MSD), coastal sites that are 167 

mixtures of soil and salt deposits (COAST) at Ein-Gedi (EGD; COAST−EGD) and Tzukim 168 

(TKM; COAST−TKM), natural Tamarix vegetation at Ein Tamar (ET; TMRX−ET), cultivated 169 

watermelon agricultural field at Kalya (KLY; WM−KLY), and directly from the seawater at 170 

Kedem (KDM; SEA−KDM). Note that at SEA−KDM we did not evaluate fluxes. Based on in-171 

situ wind direction measurements, the sampled air masses at SEA−KDM were transported over 172 

the seawater from the east (see Fig. 1), at least 1 h prior to sampling and during the sampling. To 173 

study the effect of distance from the seawater on emission rates, measurements at both 174 

COAST−EGD and COAST−TKM were taken at three and two different distances from the sea, 175 

respectively. The shorter, middle, and longer distances from the seawater are termed, 176 

respectively, SD, MD and LD. Emission rates at both COAST−EGD and COAST−TKM could 177 

potentially be affected by the distance from the seashore; there are several reasons for this, 178 

including changes across the sites in salt and water soil content and changes in density of the 179 

extremely sparse vegetation cover. In addition, depending on the local wind direction at 180 

COAST−TKM-SD and COAST−EGD-SD, direct emission and uptake from the seawater can 181 

potentially affect the samplings.  182 

In the following we briefly describe the different measurement sites, while additional 183 

information about the sites and measurements is provided in Table 1. BARE−MSMR has a bare 184 

soil consisting of loess and a small fraction of drifted soil covered with small stones and 185 

extremely sparse vegetation, and is located in a valley 1.5 km to the west of the Dead Sea shore. 186 

MSD has bare Hamada soil, with small stones and loess, and is located 2.1 km to the west of the 187 
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Dead Sea.  COAST−EGD-SD has a dried-out bare saline soil, mixed with salty beds and rocks 188 

and obtaining a small contribution of fresh water inflow at the Dead Sea shore. COAST−EGD-189 

MD has a dried-out sea bed of bare saline soil, mixed with salty beds and rocks, 0.3 km west of 190 

the Dead Sea shore. COAST−EGD-LD is a dried-out sea bed of loess saline bare soil, mixed 191 

with drifted soil, 0.8 km from the Dead Sea shore. COAST−TKM-SD is a wetted bare soil with 192 

salt deposits, groundwater inflow from the Dead Sea, and minor (<5 %) fresh water inflow lines 193 

covered with perennial grasses found in wetlands (e.g., Phragmites sp.), about 0.5 km from the 194 

shore. COAST−TKM-LD is a flat rocky loess area about 1.5 km from the shore, with patchy 195 

salts and sparse mixed shallow vegetation including mostly small Atriplex sp., Tamarix sp. and 196 

Retama raetam. TMRX−ET is a moderately dense Tamarix shrubland, with sandy soil, located 197 

1.7 km south of the southern tip of the Dead Sea evaporation ponds. WM−KLY is a well-198 

irrigated flat cultivated watermelon agricultural field located 2.5 km NW of the Dead Sea shore. 199 

 200 

2.1.2 Field measurements and sampled air analysis 201 

Air was sampled at each site by placing three different canisters at specified heights (see Table 202 

1) along a meteorological tower. The samples were used to quantify the mixing ratios of 203 

different VHOCs in the air, and their corresponding fluxes calculated by applying the flux-204 

gradient method (see (Stull 1988;Maier and Schack-Kirchner, 2014;Meredith et al., 2014)). All 205 

canisters were placed high enough above the ground to ensure that all samplings were 206 

performed within the inertial sublayer, except for the lowest canister at TMRX−ET. To 207 

minimize non-synchronized air sampling by the three canisters, we constructed a special system 208 

that allows a fast and almost simultaneous lifting of the canisters. Facilitated by passive grab 209 

samplers (RESTEK Corporation, PA, U.S.), we performed each sampling within 20 minutes by 210 

pulling air into evacuated 1.9 L stainless steel canisters, resulting in an internal canister pressure 211 

higher than 600 torr. Meteorological parameters, including temperature and relative humidity, 212 

wind speed and direction, and global solar radiation, were all continuously measured, starting at 213 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1172
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 17 December 2018
c© Author(s) 2018. CC BY 4.0 License.



 

9 
 

least 30 min before air sampling was initiated. All canisters were sent to the Blake/Rowland 214 

group, University of California, Irvine (UCI), where they were subjected to the analytical 215 

techniques described in detail in Colman et al. (2001). Analyses were performed using gas 216 

chromatography combined with mass spectrometry, flame ionization detection and electron 217 

capture detection to quantify the air mixing ratios of bromoform (CHBr3), trichloroethene 218 

(C2HCl3), methylene bromide (CH2Br2), dibromochloromethane (CHBr2Cl), 219 

bromodichloromethane (CHBrCl2), trichloroethene (C2HCl3), chloroform (CHCl3), methyl 220 

iodide (CH3I), methyl bromide (CH3Br) and methyl chloride (CH3Cl). For all gases, accuracy 221 

ranged between 1 % and 10 % and analytical precision between 1 % and 5 % (see Table S1). 222 

Note that the mid-height canister analysis of TMRX−ET-1 indicated a mixing ratio for CH3Cl 223 

that seemed not to agree with any other measured mixing ratios for this species. We therefore 224 

excluded this measurement from all our calculations and used only the lowest and the highest 225 

canisters in the flux calculation for TMRX−ET−1, which may reflect less accurate flux 226 

evaluation. This potentially less accurate flux evaluation is indicated in all relevant figures and 227 

tables.   228 
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Table 1. Summary of volatile halogenated organic compounds over the Dead Sea. The table records the date, time, 229 

site name (and abbreviation), sampling height, and whether the sampling could potentially be influenced by 230 

emission from the seawater and by precipitation prior to sampling.  231 

 232 

a The suffixes "s" and "w" refer to samplings during spring and winter, respectively. "SD", MD", and "LD" refer to 233 

relatively short, medium, and long distance from the coastline, respectively (see Sect. 2.1). b "+", "−" and "+/−" 234 

respectively indicate that the samplings could be, could not be, or may be influenced by emission from the 235 

Date 

dd/m/yyyy 

Time 

(Local) 

Site name / 

measurement 

abbreviation a 

Sampling 

heights 

 (m) 

Seawater b Precipitation 

(days before 

sampling) c 

20/4/2016 08:45−08:55 
 BARE−MSMR / 

 BARE−MSMR-1 

2.5, 4.5, 7.0 − > 3 months 

21/4/2016 08:45−08:55 
WM−KLY / 

WM−KLY-1 

1.0,2.0,4.0 − >3 months 

2/5/2016 08:45−08:55 
TMRX−ET / 

TMRX−ET-1 

4.5, 5.5, 7.5 − >3 months 

3/5/2016 08:45−08:55 
WM−KLY / 

WM−KLY-2 

1, 2, 4 − >3 months 

25/5/2016 08:30−08:40 
 BARE−MSD / 

 BARE−MSD-1 

1.25, 2.5, 5 − 1−2 

26/5/2016 08:30−08:40 
 BARE−MSD / 

 BARE−MSD-2 

1.25, 2.5, 5 − 2−3 

30/5/2016 12:00−12:10 
WM−ET / 

TMRX−ET-2 

4.5, 5.5, 7.5 − >3 months 

31/5/2016 12:00−12:10 
 BARE−MSMR / 

 BARE−MSMR-2 

2.5, 4.5, 7 − >3 months 

11/7/2016 12:00−12:20 
 BARE−MSD / 

 BARE−MSD-3 

1.25, 2.5, 5 − >3 months 

11/7/2016 18:00−18:20 
 BARE−MSD / 

 BARE−MSD-4 

1.25, 2.5, 5 − >3 months 

21/2/2017 11:20−11:40 
 COAST−TKM-SD / 

 COAST−TKM-SD-w 
1, 2.5, 6.5 +/− 5 

22/2/2017 11:00−11:20 
 COAST−TKM-LD / 

 COAST−TKM-LD-w 
1.5, 3, 7 − 6 

28/2/2017 11:20−11:40 
 COAST−EGD-SD / 

 COAST−EGD-SD-w 
1, 2.5, 6.5 + 0 

1/3/2017 11:07-11:27 
 COAST−EGD-MD / 

 COAST−EGD-MD-w 
1, 2.5, 6.5 +/− >3 months 

2/3/2017 11:00-11:20 
 COAST−EGD-LD / 

 COAST−EGD-LD-w 
1, 2.5, 6.5 − >3 months 

2/3/2017 12:55-13:15 
SEA−KDM / 

SEA−KDM-w 

1 + >3 months 

25/4/2017 11:30-11:50 
COAS-EGD-SD / 

 COAST−EGD-SD-s 

1, 2.5, 6.5 + >3 months 

26/4/2017 11:00-11:20 
 COAST−EGD-MD / 

 COAST− EGD-MD-s 

1, 2.5, 6.5 +/− >3 months 

27/4/2017 11:00-11:20 
 COAST−EGD-LD / 

 COAST−EGD-LD-s 

1, 2.5, 6.5 − >3 months 

3/5/2017 12:10-12:30 
 COAST−TKM-SD / 

 COAST−TKM-SD-s 

1, 2.5, 6.5 − >3 months 

4/5/2017 10:30-10:50 
 COAST−TKM-LD / 

 COAST−TKM-LD-s 

1.5, 3, 7 − >3 months 

4/5/2017 12:30-12:50 
SEA−KDM / 

SEA−KDM-s 
1 + >3 months 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1172
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 17 December 2018
c© Author(s) 2018. CC BY 4.0 License.



 

11 
 

seawater. c Values indicate the number of days before sampling during which precipitation occurred. Additional 236 

abbreviations: MSD, Masada; MSMSR, Mishmar; KLY, Kalya; ET, Ein-Tamar; KDM, Kedem; EGD, Ein-Gedi; 237 

BARE, bare soil site; COAST, coastal soil-salt mixture site; WM, cultivated watermelon site; TMRX, natural 238 

Tamarix site; SEA, sampling near the seawater (see Sect. 2.1.1). 239 

 240 

 241 

Fig. 1. Location and satellite image of the Dead Sea measurement sites and Dead Sea Works (DSW). Left: location 242 

of the Dead Sea. Right: zoom-in of the area of measurement sites.   243 

 244 

2.2 Vertical flux evaluation 245 

The vertical flux, Fc, of a species c, was evaluated according to the gradient approach using the 246 

vertical gradient of c,  
𝜕𝐶

𝜕𝑧
 , and a constant, 𝐾𝑐: 247 
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                                                                      𝐹𝑐 ≡ −𝐾𝑐

𝜕𝐶

𝜕𝑧
                                                                    (1) 248 

Kc represents the rate of turbulent exchange in Eq. 1 and was evaluated on the basis of the 249 

Monin−Obukhov similarity theory (MOST) described by Lenschow (1995):  250 

                                                         𝐾𝐶(𝑧)
= u∗𝐾𝑍

𝐶
()                                                        (2) 251 

where 𝑢∗ is the friction velocity, K is the Von Kármán constant, Z is the measurement height 252 

and c is a universal function of the dimensionless parameter . According to MOST, vertical 253 

fluxes in the surface layer can be evaluated on the basis of the dimensionless length parameter, 254 

ζ, according to  255 

                                                             = (𝑧 − 𝑑)/𝐿                                                          (3) 256 

where z, d and L are the vertical coordinate, zero displacement, and the Monin−Obukhov length, 257 

respectively (Schmugge and André, 1991). 258 

We relied on the commonly used assumption that 
C
 is similar to 

h 
for chemical species 259 

with a relatively long lifetime (Dearellano et al., 1995), and calculated 
h
 using the following 260 

equation for the relationship between 
h
 and , which was found to be valid for 0 .004 – z/L 4 261 

(Dyer and Bradley, 1982;Yang et al., 2001): 262 

                                                           
ℎ

= (1 − 14)−1/2                                                    (4) 263 

We derived L from the Pasquill and Gifford stability class (Pasquill and Smith, 1971) and 264 

roughness length (z
0
) according to Golder D. (1972). z

0
was evaluated based on the specific 265 

surface characteristics at each site using information provided by the WMO (2008). The stability 266 

class was evaluated using the in-situ measured solar radiation and wind speed (Gifford, 267 

2000;Pasquill and Smith, 1971). 𝑢∗ was derived from the logarithmic wind profile according to 268 

MOST, using the following equation:  269 
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            )ln()(
0

*

z

dz

k

u
zu


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where u(z) is the wind speed at height z, and m is a correction for diabatic effect on momentum 271 

transport. Using the measured u at a height of 10 m, we calculated the wind speed at each 272 

measurement height according to Gualtieri and Secci (2011): 273 

  
)/1()0/1ln(

)/2()0/2ln(
12

Lzmzz

Lzmzz
uu








                                         (6) 274 

where m is calculated using:  275 

Ψ𝑚(𝑍/𝐿) = 2ln (1 + 𝑋/2) + ln (1 + 𝑋2)/2) − 2arctan (𝑋) + 𝜋/2                        (7) 276 

and                   𝑋 = (1 − 15 (
𝑍

𝐿
))1/4                                                            (8) 277 

 278 

2.3 Soil analyses 279 

Soil samples at each site were collected up to a depth of 5 cm during summer, at least 3 months 280 

following any rain event in the Dead Sea area. The samples were analyzed for bromine, 281 

chlorine, iodine, organic matter, moisture and Fe in the soil, as well as for pH of the soil. Prior 282 

to halide quantification, extractions for each sample were prepared using HNO3. Total Br and I 283 

were quantified using inductively coupled plasma mass spectrometry (ICPMS). Total Cl was 284 

quantified by potentiometric titration against AgNO3.   285 

To quantify Fe in the soil, microwave-assisted digestion with reverse aqua regia was used, 286 

and Fe concentration was determined by inductively coupled plasma optical emission 287 

spectrometry (ICP−OES). A batch of each sample (~300 mg of dry soil) was digested in reverse 288 

aqua regia (HNO3 (65 %) : HCl (30 %); 3:1 mixture). Digestion was allowed to proceed in 289 

quartz vessels using a "Discover" sample digestion system at high temperature and pressure 290 

(CEM Corporation, NC, USA). The vessels were cooled and the volume was made up to 20 mL 291 

with deionized water. Element concentrations were measured in clear solutions using High 292 

Resolution dual-view ICP−OES PlasmaQuant PQ 9000 Elite (Analytik Jena, Germany). The 293 
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reported values represent a low−limit, because the samples were not completely dissolved. Soil 294 

water content and organic matter (OM) were determined by weight loss under dry combustion at 295 

105 °C and 400 °C, respectively. Soil pH was measured in 1:1 soil-to-water extracts with a 296 

model 420 pH-meter (Thermo Orion, Waltham, MA, USA). 297 

 298 

 299 

3  Results and discussion 300 

3.1  VHOC flux and mixing ratio  301 

We compared the measured mixing ratios and fluxes with corresponding available information. 302 

Overall, measurements at the Dead Sea boundary layer revealed that the mixing ratios for all 303 

investigated VHOCs were higher than their background MBL levels, pointing to significant 304 

local emissions. No association was observed between the measured mixing ratios and the air 305 

masses flowing from the direction of the Dead Sea Works, which is located to the north-west of 306 

the TMRX−ET site and to the south of all other measurement sites (see Fig. 1), and is the main 307 

anthropogenic source in the area under investigation. The absence of any such association points 308 

to the dominance of natural sources for the VHOCs in the studied area. Table 2 presents a 309 

comparison between measured mixing ratios at the different measurement sites and reported 310 

values for the global MBL. The values indicate that median mixing ratios at the Dead Sea are 311 

higher than corresponding mixing ratios in the MBL by factors of 1.2−8.0 for brominated and 312 

chlorinated VSLS and ~1.5, 1.3 and 1.1 for CH3I, CH3Br and CH3Cl, respectively. Moreover, as 313 

described below, measured mixing ratios at the Dead Sea were generally also higher than in 314 

coastal areas.  315 

Owing to their large contribution to stratospheric bromine, CHBr3 and CH2Br2 are the most 316 

extensively studied VSLS in the MBL (Hossaini et al., 2010). The mixing ratios of CHBr3 and 317 

CH2Br2 that we measured at the Dead Sea ranged from 1.9 to 22.6 pptv and from 0.7 to 18.6 318 

pptv, respectively, which are higher than most of their reported mixing ratios in coastal areas 319 
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where the highest mixing ratios have typically been measured. For example, Carpenter et al. 320 

(2009) reported elevated mixing ratios for CHBr3 and CH2Br2 along the eastern Atlantic coast 321 

ranging from 1.9 to 4.9 and from 0.9 to 1.4 ppt, respectively, and Nadzir et al. (2014) reported 322 

mixing ratios of 0.82−5.25 pptv and 0.90−1.92 ppt for CHBr3 and CH2Br2, respectively, for 323 

several tropical coastal areas including the Strait of Malacca, the South China Sea and Sulu-324 

Sulawesi Seas. Somewhat higher mixing ratios for CHBr3 have been measured in only a few 325 

locations, including some at coastal areas near New Hampshire (Zhou et al., 2008), San 326 

Cristobal Island (Yokouchi et al., 2005;O'Brien et al., 2009), Cape Verde (O'Brien et al., 2009), 327 

Borneo (Pyle et al., 2011) and Cape Point (Kuyper et al., 2018;Butler et al., 2007), where the 328 

range (and average) concentrations at those locations were  0.2−37.9 pptv (5.6−6.3), 4.2−43.6 329 

pptv (14.2), 2.0−43.7 pptv (4.3−13.5), 2−60pptv (−) and 4.4−64.6 pptv (24.8), respectively. For 330 

CH2Br2, the corresponding mixing ratios were reported as 1.3–2.3 pptv, 0.5−4.1 pptv and 331 

0.7−8.8 pptv in New Hampshire, San Cristobal Island and Cape Verde, respectively, which are 332 

comparable with the mixing ratios measured at the Dead Sea.   333 

Figure 2 presents the measured fluxes of all VHOCs studied. On average, the net fluxes of 334 

all measured species, except C2HCl3 and CH3I, were positive at most of the investigated sites. 335 

The flux magnitudes for CHBr3 and CH2Br2 were higher than for most reported emissions at the 336 

MBL, but in most cases were smaller than the corresponding average fluxes estimated by Butler 337 

et al. (2007) for global coastal areas (~220 and 110 nmol m−2 d−1), respectively. In some cases, 338 

however, the fluxes of both species were higher than these values.  339 

CHCl3 emission rates were positive for most measurements and particularly high for 340 

TMRX−ET-2 (213 nmol m−2 d−1), COAST−EGD-SD-s (883 nmol m−2 d−1), and 341 

BARE−MSMR-1 (247 nmol m−2 d−1) (see Yi et al., 2018). For comparison, the emission from 342 

BARE−MSMR-1 is similar to the maximum emission found for tundra peat by Rhew et al. 343 

(2008), while the averaged emissions from COAST−EGD-SD-s and TMRX−ET-2 are higher 344 

than  those from temperate peatlands (~496 nmol m−2 d−1 as measured by Dimmer et al. (2001)). 345 
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Whereas emissions during COAST−EGD-SD-s and TMRX−ET-2 might have been affected by 346 

vegetation and seawater, respectively, the emission from BARE−MSMR can be completely 347 

attributed to soil. The latter emission flux in BARE−MSMR is higher than the maximum 348 

emission rate in arctic and subarctic soils (~115 nmol m−2 d−1) reported by Albers et al. (2017).  349 

Average calculated fluxes for the additional brominated VSLS, CHBr2Cl, and CHBrCl2 350 

were positive for all sites except for CHBr2Cl at COAST−TKM. The mixing ratios of CHBr2Cl 351 

and CHBrCl2 were higher by factors of ~4−14 and ~5−11, respectively, than the average 352 

reported values for the MBL and were also higher than measured mixing ratios in nearby coastal 353 

areas, except for the extremely high CHBr2Cl mixing ratios emitted from a rock pool at Gran 354 

Canaria (ranging from 19 to 130 ppt; (Ekdahl et al., 1998)). For example, Brinckmann et al. 355 

(2012) found mean mixing ratios for CHBr2Cl and CHBrCl2 in coastal areas at the Sylt Islands 356 

(North Sea) of up to 0.2 and 0.1 ppt, respectively, while Nadzir et al. (2014) found CHBr2Cl and 357 

CHBrCl2 mixing ratios of 0.07–0.15 ppt and 0.15–0.22 ppt, respectively, in the tropics. The 358 

measured fluxes that we obtained for CHBr2Cl at the Dead Sea are also higher than the reported 359 

values of 0.8 (range, -1.2−10.8) nmol m−2−d-1 at coastal areas sampled during the Gulf of 360 

Mexico and East Coast Carbon cruise (GOMECC), (Liu et al., 2011). Typically, the CHBrCl2 361 

net flux at the Dead Sea is significantly higher than corresponding fluxes from arctic and 362 

subarctic soils, as recently reported by Albers et al. (2017) (see Fig. 2). 363 

The CH3Cl flux at the Dead Sea was positive for only half of the measurements, while a net 364 

positive flux for all measurements was obtained only at COAST−TKM. The highest positive 365 

fluxes were measured at COAST−EGD and COAST−TKM, with maximum net fluxes of 366 

~10800 and 4900 nmol m−2 d−1, respectively. These fluxes are comparable in magnitude to those 367 

reported for several terrestrial sources, such as tropical forests (~4520 nmol m−2 d−1) by 368 

Gebhardt et al. (2008) or by Yokouchi et al. (2002) and for other tropical or subtropical 369 

vegetation (Yokouchi et al., 2007), and they are higher than emissions from dryland ecosystems 370 

including shortgrass steppe or shrublands (Rhew et al., 2001). In some cases the measured 371 
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fluxes were higher than average emissions from salt marshes (e.g., ~7300 nmol m−2 d−1; 372 

(Deventer et al., 2018)), but significantly smaller than the maximum fluxes (e.g., 570000 nmol 373 

m−2 d−1; (Rhew et al., 2000)). 374 

In contrast to CH3Cl, emissions of CH3Br at the Dead Sea were significantly lower than the 375 

average reported emissions from marshes (e.g., ~600 nmol m−2 d−1; (Deventer et al., 2018). The 376 

fluxes measured at the Dead Sea were also lower than the reported emission from a coastal 377 

beach in a Japanese archipelago island (~53000 nmol m−2 d−1), but higher, in most cases, than in 378 

other dryland ecosystems (see Rhew et al. (2001)).  379 

The net flux of CH3I measured at the Dead Sea was negative in 60 % of the measurements. 380 

Positive measured net fluxes of this compound were in most cases comparable to other reported 381 

fluxes over soil and vegetation. For example, Sive et al. (2007) reported a CH3I flux of ~18.7 382 

nmol m−2 d−1 over soil and vegetation at the AIRMAP Observing Station at Thompson Farm, 383 

NH, USA, and a somewhat lower emission (~12.6 nmol m−2 d−1) at Duke Forest, NC, USA. 384 

While the elevated flux during COAST−EGD-SD-s (17.0 nmol m−2 d−1) could potentially have 385 

been affected by flow of the sampled air over the seawater, the positive net fluxes in 386 

BARE−MSMR (1.00 and 4.42 nmol m−2 d−1) indicate significant emission from bare soil at the 387 

Dead Sea. The emission rates in BARE−MSMR are similar to the measured soil-emission fluxes 388 

of CH3I reported by Sive et al. (2007) at Duke Forest, averaging ~0.27 nmol m−2 d−1 (range, ~ 389 

0.11−4.1 nmol m−2 d−1).  390 

Most of the sites were found, on average, to be a sink for C2HCl3, which may suggest that 391 

the elevated mixing ratios for this species in the Dead Sea area mostly result from anthropogenic 392 

emission.   393 
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Table 2. Comparison of VSLS and methyl halide mixing ratios (in pptv) measured at the Dead Sea with their 394 

corresponding values at the marine boundary layer (MBL). Unless otherwise specified, the table presents median, 395 

minimum and maximum VHOC mixing ratios measured at different sites at the Dead Sea (see Table 1 for site 396 

abbreviations) and in the MBL, as reported by Carpenter and  Reimann et al. (2014). 397 

 398 

a Values represent the enrichment factor (EF) at the Dead Sea, reflected as the ratio between the median measured 399 

mixing ratios and the corresponding median values for the MBL; bEF is calculated using the annual average for 400 

2012 based on flask measurements by the US National Oceanic and Atmospheric Administration (NOAA) 401 

(http://www.esrl.noaa.gov/gmd/dv/site/ and in-situ measurements by the Advanced Global Atmospheric Gases 402 

Experiment (AGAGE (http://agage.eas.gatech.edu/). See Table 1 for site abbreviations. *Calculation excludes one 403 

CH3Cl measurement in TMRX−ET-1 (see Sect. 2.1.2). 404 

Species Median/  

Range 

BARE− 

MSMR 

BARE− 

MSD 

COAST− 

EGD 

COAST− 

TKM 

TMRX− 

ET 

WM− 

KLY 

SEA− 

KDM 

All Sites EF. 

MBLa 

CHBr3 
Median 11.3 11.0 8.0 2.6 4.7 3.1 11.0 6.2 5.2 

Range 5.6−16.3 6.0−22.6 4.4−16.8 3.6−1.9 2.9−7.1 .2 3−3. 5 5.4−16.5 1.9−22.6 4.8–5.7 

CH2Br2 
Median 0.9 2.7 .1 8 0.8 1.3 .1 1 1.4 1.1 1.22 

Range .0 9−1.0 0.7−18.6 0.9−5.1 0.9−0.8 0.9−1.6 1.0−1.2 1.1−1.7 0.7−18.6 1.2–11 

CHBr2Cl 
Median .4 8 4.1 2.2 .1 2 .2 2 .0 9 1.3 .2 4 8 

Range .3 2 −5.4 .2 2−11.0 0.4−6.5 .7 5−0.5 .0 6−3.6 0.5−1.0 .0 5−2.2 0.4−11.0 4–14 

CHBrCl2 
Median 2.6 2.5 1.6 1.0 2.4 0.9 2.0 1.4 4.7 

Range 2.6−3.7 0.9−9.6 1.0−3.0 0.5−1.4 .0 7−3.9 .0 6−1.1 .1 3−2.7 .0 5−9.6 5–11 

C2HCl3 
Median 1.15 1.7 .1 3 1.6 1.1 2.7 1.2 .1 5 3 

Range 0.84-1.22  1.0−2.7 0.3−10.5 0.4−2.9 0.4−1.5 1.0−4.1 0.8−1.6 .0 4−10.5 8–5.3 

CHCl3 
Median 16.9 19.8 18.2 18.7 19.0 19.8 17.3 18.63 2.5 

Range 15.9−20. 5 18.8−25.3 14.5−27.9 15.4−20.1 18.4−57.2 18.8−5.3 16.5−18.2 14.5−57.2 2.0–7.3 

CH3I 
Median 0.8 1.3 .1 2 1.5 1.3 1.1 1.4 1.2 1.5 

Range .0 8−0.8 1.0−1.5 .0 4−2.1 1.5−1.2 0.8−2.8 0.7−1.6 1.2−1.6 .0 4−2.8 1.3– 1.3 

CH3Br 
Median 8.72 .10 3 .8 7 8.4 10.0 8.4 9.7 .9 1 1.3 b 

Range .8 1−9.4 7.8−13.8 7.5−13.3 8.5−7.5 8.3−13.8 7.8−9.2 9.1−10.2 .7 5−13.8 N/A 

CH3Cl 
Median 596 571 595 580 623* 643 596 601 1.1 b 

Range 583−608 549−672 531−732 583−545 581−685* 591−668 583−608 531−732* N/A 
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405 
 Fig. 2. VHOCs fluxes at the different measurement sites. Fluxes are marked by circles to individually indicate 406 

measurements during spring, winter, summer, up to 3 days after a rain event in spring ("Spring-prec."), up to 6 days 407 

after a rain event in winter ("Winter-prec.") and in summer during evening ("Summer-eve"); for more information 408 

about measurement conditions see Table 1. Black filled circles and error bars respectively represent the average and 409 

standard error of the mean (SEM) for each measurement site. Dashed lines represent zero flux. Mean flux value and 410 

standard deviation (SD; in parenthesis) are shown for each site and species. See Table 1 for measurement sites and 411 

measurement abbreviations. * Calculation of mean flux and SD excludes one CH3Cl measurement in TMRX−ET-1 412 

(see Sect. 2.1.2).  413 
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3.2 Factors controlling the flux of VHOCs  414 

3.2.1 Seasonal, meteorological and spatial effects  415 

The results presented in Sect. 3.1 record elevated mixing ratios and net fluxes for all 416 

investigated VHOCs, with relatively less frequent positive fluxes for CH3I and C2HCl3. All of 417 

the investigated VHOCs except C2HCl3 were associated with a positive average net flux from at 418 

least one of the two bare soil sites BARE−MSMR and BARE−MSD (Fig. 2), and for all 419 

VOHCs, except C2HCl3 and CH3Cl, all measured mixing ratios were highest over at least one of 420 

these bare soil sites (Table 2). These findings suggest that a significant emission for all of the 421 

investigated VHOCs occurred from bare soil located within at least a few kilometers from the 422 

Dead Sea water.   423 

No clear impact of meteorological conditions on the measured net flux rates or mixing ratios 424 

was observed. We could not identify any clear association between flux magnitude and any 425 

parameter, including solar radiation intensity, measurement time, temperature, or daytime 426 

relative humidity.  427 

Our findings on the effects of season and distance from the sea on the measured fluxes are 428 

presented in Fig. 2, which presents the results of our measured fluxes for spring and winter and 429 

for different distances from the sea at COAST−EGD and COAST−TKM. It can be seen from the 430 

figure that whereas for most compounds there were no clear differences in fluxes between 431 

spring and winter, the measured fluxes for CH3I, CHBrCl2 and CH2Br2 were generally higher in 432 

the spring. No clear impact of the distance from the seawater on the measured net fluxes could 433 

be detected, including in cases where a significant fraction of the footprint included the 434 

seawater, such as during COAST−TKM-SD-w and, to a lesser extent, during COAST−EGD-435 

SD-w and COAST−EGD-SD-s. However, as discussed below (see Sects. 3.2.2, 3.2.3), owing to 436 

variations in soil properties the emissions near the seawater tended to be more frequent and 437 

more intense. Figure 3 compares the mixing ratios of the measured VHOCs at different 438 

distances from the seawater, and individually for winter and spring. No clear impact of season 439 
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or distance from the seawater on the mixing ratios can be discerned in this figure, also for the 440 

sampling over SEA−KDM which directly represented air masses over the seawater (Sect. 2.1.1). 441 

Nevertheless, further investigation, using direct flux measurements over the Dead Sea water, is 442 

needed to study the potential emission of VHOCs from the Dead Sea water.  443 

Figure 3. Seasonal and spatial influences on measured mixing ratios of VHOCs. Measured VHOC mixing 444 

ratios are presented vs. vertical height above surface level, separately for winter (blue) and spring (orange). Black 445 

filled circles and error bars represent the average and SEM, respectively.  Values above and to the right of the 446 

figure indicate the percentage of time during which average mixing ratios were higher during spring (left box) or 447 
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during winter (right box), individually for TKM, EGD and SEA−KDM sites, and for all of these sites together 448 

(All), for all sites and all species, respectively (see Table 1 for measurement site abbreviations). 449 

 450 

3.2.2 Impact of specific site characteristics and ambient conditions  451 

The formation of VHOCs requires a chemical interaction between organic matter and halides, 452 

induced by biogeochemical, biochemical, or macrobiotic processes (Kotte et al., 2012;Breider 453 

and Albers, 2015). Despite the extreme salinity, biotic activity was detected both in the water 454 

and in the soil of the Dead Sea (see Sect. 1), demonstrating that biotic activity can potentially 455 

contribute to VHOC emission in this area. Previous studies on emission of VHOCs from soil 456 

and sediments revealed that organic matter content and type, halide ion concentrations, pH, and 457 

the presence of an oxidizing agent (most frequently referred to Fe (III)) also play important roles 458 

in the emission rate of VHOCs (see (Kotte et al., 2012)).  459 

Table 3 provides a basic representation of these parameters. The table records substantial 460 

enrichment of Cl and Br in the sites closest to the seawater (COAST−EGD-SD and 461 

COAST−TKM-SD) and lower concentrations at larger distance from the seawater. For 462 

comparison, both Br and Cl concentrations are much higher than those reported by Kotte et al. 463 

(2012) for various saline soils and sediments (0.12−0.32 g kg-1 and 6.1−120 g kg-1, 464 

respectively), but are lower in BARE−MSMR and BARE−MSD for Br and for both Cl and Br 465 

in WM−KLY. No enrichment of I in the soil samples was observed (e.g., see Keppler et al. 466 

(2000);Kotte et al. (2012)). The OM content of the samples is generally higher than would be 467 

expected in desert soil. For comparison, forest floors typically contain 1−5 % OM (Osman, 468 

2013). Detection of VHOC emissions from the soil was in some cases associated with higher 469 

soil OM (e.g., Albers et al., 2017; Kepller et al., 2000) and in some cases with lower soil OM 470 

(e.g., Kotte et al., 2012; Hubber et al., 2009) than reported here. Table 3 provides only an 471 

underestimated value of Fe, rather than Fe (III), in the samples. Note, however, that similar soil 472 

Fe content as reported here as a low-limit value corresponded with the finding of small amounts 473 

of VHOCs emission, while the emission rates became saturated when enrichment with Fe (III) 474 
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was relatively minor (Keppler et al., 2000). Saturation at relatively low soil Fe concentrations 475 

was also reported by Huber et al. (2009). Hence, variations in Fe across different sites may 476 

result in different emission rates. 477 

Table 4 merges the mixing ratios, fluxes, and the ratio between flux and corresponding 478 

mixing ratio (F:C) during all measurement periods, for all investigated VHOCs. F:C is used to 479 

study the potential contribution of each site to the VHOC mixing ratios measured at that site. 480 

The number of samplings at each site was limited, but Table 4 indicates that the fluxes measured 481 

at some of the sites were relatively high. In both COAST−TKM and COAST−EGD sites we 482 

observed relatively high frequencies of elevated fluxes, particularly from the SD sites, and to 483 

some extent also in COAST−EGD-MD. Moreover, for both COAST−EGD and COAST−TKM, 484 

during both spring and winter the occurrence of positive fluxes was correlated with proximity to 485 

seawater (i.e., COAST−EGD-SD > COAST−EGD-MD > COAST−EGD-LD, and 486 

COAST−TKM-SD > COAST−TKM-LD). All of these sites contain mixtures of soil and salt-487 

deposited structures (see Sect. 2.1.1), and Table 3 indicates that soil concentrations of both Br 488 

and Cl correlated with proximity to seawater at both COAST−EGD and COAST−TKM. The 489 

concentration of I in the soil showed a similar trend only in COAST−TKM (see Table 3). This 490 

association between the positive net flux magnitude and incidence and the soil halide 491 

concentrations points to an increase in VHOC emission with salinity, even under the hypersaline 492 

conditions of the Dead Sea area. This interpretation is supported by the fact that whereas for 493 

COAST−TKM-SD both soil water and OM content were relatively high, for COAST−EGD-SD 494 

no other parameter, except for the halides soil concentration, was clearly higher for 495 

COAST−EGD-MD and COAST−EGD-LD. The generally higher emission rates for 496 

COAST−EGD than for COAST−TKM (Table 4) may suggest, in view of the apparently lower 497 

Fe content for COAST−EGD (Table 3), that the emission of VHOCs from these sites was not 498 

significantly limited by the availability of Fe (III) in the soil.  499 
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Our measurements revealed no clear contribution of vegetation to the emission fluxes or the 500 

mixing ratios (Fig. 2 and Table 2), but it should be emphasized that our ability to define their 501 

role in VHOC emission and uptake in this study was limited. Table 4 indicates relatively high 502 

positive net fluxes for several species in one out of the two measurements at each of the 503 

vegetated sites TMRX−ET and WM−KLY. Particularly for TMRX−ET-2, emissions were high 504 

for all of the investigated VSLS except C2HCl3 and CH3Cl (Fig. 2, Table 4).  505 

Whereas during COAST−EGD-SD-s all measured emission fluxes were positive and high, 506 

emissions during COAST−EGD-SD-w were generally lower and were negative for CH3Cl and 507 

CHCl3. Based on the wind direction, in both cases the sampling footprint included both the 508 

seawater and a narrow strip of bare soil mixed with salty beds (estimated at about 40 % of the 509 

footprint), very close to the seawater. The main notable difference between the two 510 

measurement days is that precipitation occurred just before COAST−EGD-SD-w, while there 511 

was no precipitation event for several weeks prior to COAST−EGD-SD-s. Note that the much 512 

higher fluxes during COAST−EGD-SD-s than during COAST−EGD-SD-w did not result in a 513 

proportional increase in F:C (e.g., for C2HCl3), and for some species the F:C for COAST−EGD-514 

SD-s was even lower than for COAST−EGD-SD-w (e.g., for CHBr3 and CH3Br). This 515 

decoupling between fluxes and mixing ratios may be attributable to the fact that flux and 516 

concentrations can have very different footprints, such that under a widespread rain event the 517 

mixing ratios at COAST−EGD-SD might be less directly affected by the local changes in the net 518 

fluxes.  519 

A less widespread and more spatially limited rain event occurred ~1.5 and ~2.5 days before 520 

BARE−MSD-1 and BARE−MSD-2, respectively. It is notable that the emission fluxes for 521 

BARE−MSD-1 are lower and more negative for most of the species than those for 522 

BARE−MSD-3 or BARE−MSD-4. Also, the occurrence of positive net flux increased according 523 

to the order BARE−MSD-1 < BARE−MSD-2 < BARE−MSD-3 < BARE−MSD-4 (see Table 4). 524 

This suggests that increased soil water content caused by rain events can decrease the emission 525 
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rates of certain VHOCs. Furthermore, the local rain event in BARE−MSD may be a major 526 

reason for the generally more frequent and higher net fluxes in BARE−MSMR than in 527 

BARE−MSD, and the fact that unlike in the case of COAST−EGD-SD measurements, the low 528 

flux values for BARE−MSD-1 are accompanied, in most cases, by proportionally low F:C 529 

values (Table 4). Interestingly, ~2.5 days after the rain event the measured fluxes at 530 

BARE−MSD-2 were higher for all brominated VSLS but negative for all other VHOCs, which 531 

may indicate the involvement of microbial activity in the emission processes. 532 

The reduction in net flux rates following rain events did not occur for all species, and there 533 

was no clear consistency in this aspect across the two sites BARE−MSD and COAST−EGD-534 

SD. Thus, further research on the effects of rain on the various VHOCs and ambient conditions 535 

is required. Nevertheless, the analyses clearly demonstrate that strong emission rates do not 536 

depend on rain occurrence, in agreement with findings by Kotte et al. (2012). The lower 537 

emission fluxes following the rain event may be attributable to the low infiltration rate of 538 

VHOCs through the soil, or by salt dilution and washout, or both.  539 

 540 

Table 3. Soil properties. OM, organic matter; soil water content (SWC); I, Br, Cl and Fe dry weight fraction and 541 

soil pH. See Table 1 for measurement site abbreviations. 542 

 543 

Site pH 

 

OM 

(%) 

SWC 

(%) 

I 
mg kg soil dw−1 

Br 
gr kg soil dw−1 

Cl 
gr kg soil dw−1 

Fe 

mg kg−1 

BARE−MSMR 
7.46 1.96 1.90 2.24 0.007 6.70 >20800 

BARE−MSD 
7.41 3.61 3.61 2.79 0.027 41.2 >7450 

COAST−EGD-SD 
7.61 2.28 1.79 0.24 1.47 202 >1120 

COAST−EGD-MD 

 
7.93 0.35 0.35 0.57 0.293 37.4 >3140 

COAST−EGD-LD 
7.70 3.67 2.58 1.03 0.008 26.1 >5950 

COAST−TKM-SD 
7.43 24.1 33.7 3.19 3.93 169 >12500 

COAST−TKM-LD 
7.80 3.40 1.64 1.14 0.186 19.5 >10600 

TMRX−ET 
7.88 3.14 2.97 2.69 0.474 85.2 >10100 

WM−KLY 
7.64 4.10 1.40 1.69 0.013 1.12 >7680 
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Table 4. VHOC flux and its correspondence with mixing ratios. Shown are the measured flux (nmol m−2 d−1, upper 544 

cells; bold) and the ratio between flux and mixing ratio (ppt; F:C; lower cells; italic), obtained for the different 545 

measurements. Also shown are the average flux ("Mean") and average positive flux ("Mean positive") for all 546 

species, as well as the incidence of positive flux (X) individually for each site and each VHOC. (See Table 1 for 547 

abbreviations of the different measurements). 548 

 549 

* Calculation of flux excludes one CH3Cl measurement in TMRX−ET-1 (see Sect. 2.1.2).  550 

           Species CH2Br2 CHBr3 CHBr2Cl CHBrCl2 CHCl3 C2HCl3 CH3Cl CH3Br CH3I 
X (%) 

   Site  

 BARE− 

MSMR-1 

1.43 -76.5 -3.27 7.68 247 7.33 2629 71.9 4.42 
77.8 

1.59 -4.84 -0.62 2.94 13.3 6.36 4.03 8.22 5.77 

 BARE− 

MSMR-2 

1.51 27.6 21.3 19.9 6.51 -10.4 -378 12.6 1.00 
77. 8 

1.66 4.18 5.65 6.30 0.40 -9.83 -0.69 1.47 1.29 

 BARE− 

MSD-1 

-55.4 -37.7 -3.58 1.32 12.1 -11.0 -1266 5.26 -0.73 
33.3 

-3.30 -4.80 -1.61 1.38 0.61 -9.00 -2.10 0.38 -0.55 

 BARE− 

MSD-2 

23.5 103 41.8 24.5 -6.02 -24.8 -1368 -50.3 -8.14 
44.4 

4.89 4.95 4.01 2.66 -0.21 -10.38 -2.14 -4.59 -7.69 

 BARE− 

MSD-3 

-0.60 32 8.69 7.92 -14.6 4.32 311 -47.9 -2.95 
55. 6 

-0.82 5.46 2.62 3.42 -0.96 2.38 0.56 -5.34 -2.27 

 BARE− 

MSD-4 

-4.61 -1.41 26.96 19.1 64.7 6.39 -472 38.44 -3.58 
55. 6 

-5.26 -0.10 5.74 7.00 3.98 3.85 -0.85 4.37 -2.38 

 COAST− 

EGD-SD-w 

0.85 78.1 90.0 6.63 -42.8 47.3 -1040 88.4 1.45 
77. 8 

0.05 75 78.9 5.02 -2.61 118 -1001 85.2 1.40 

 COAST− 

EGD-MD-w 

-6.53 -79.0 187 23.1 38.5 37.5 9719 -111 -5.16 
55. 6 

-6.70 -12.25 141 17.63 3.08 92.0 17.3 -13.6 -9.32 

 COAST− 

EGD-LD-w 

-16.7 88.7 768 -14.2 -43.7 -8.97 -2281 116 -24.5 
33.3 

-6.72 17.98 230 -13.40 -2.55 -9.41 -3.83 14.6 -17.8 

 COAST− 

EGD-SD-S 

3.71 187 72.3 14.8 883 884 10817 118 17.0 
100 

3.63 26.80 32.9 11.21 39.9 195 17.0 13.6 14.9 

 COAST− 

EGD-MD-s 

1.35 48.6 13.4 3.42 46.4 -8.39 -530 8.10 2.27 
77. 8 

0.27 4.54 3.88 1.93 2.36 -3.95 -0.88 0.95 1.66 

 COAST− 

EGD-LD-s 

2.52 66.0 13.8 8.68 -40.8 -2.03 261 22.3 -2.96 
66. 7 

0.81 7.60 4.65 4.50 -1.90 -0.72 0.45 1.72 -1.46 

 COAST− 

TKM-SD-w 

-4.15 -28.1 123 1.62 22.8 0.89 4895 110 2.42 
77. 8 

-2.12 -4.46 38.1 1.38 1.16 0.33 7.56 10.6 1.91 

 COAST− 

TKM-LD-w 

2.95 28.5 -408 -6.2 -32.9 -22.0 2200 57.3 -1.03 
44.4 

2.70 11.4 -91.7 -9.33 -1.75 -12.67 3.47 6.37 -0.72 

 COAST− 

TKM-SD-s 

3.80 87.7 42.7 21.4 0.99 2.00 1210 49.3 -0.38 
88. 9 

4.31 22.26 26.7 19.63 0.06 4.14 2.04 5.57 -0.25 

 COAST− 

TKM-LD-s 

0.56 -3.83 2.07 1.67 12.6 -0.31 1100 23.6 0.97 
77. 8 

0.68 -1.95 4.14 3.21 0.81 -0.42 1.96 3.01 0.83 

TMRX− 

ET-1 

-8.93 -23.0 -8.64 -28.5 27.6 -0.36 10500* -90.8 -6.14 
11. 1 

--6.27 -7.06 -11.5 -0.30 0.87 -0.57 12.0 -8.46 -2.74 

TMRX− 

ET-2 

70.6 73.7 20.4 45.4 213 -4.53 -5300 10.9 3.61 
77. 8 

62.5 11.4 5.86 12.9 11.1 -3.23 -8.75 1.11 4.17 

WM− 

KLY-1 

1.45 50.7 2.09 8.57 -577 -74.1 983 53.5 -4.01 
55. 6 

1.36 15.3 2.03 7.65 -27.4 -53.1 1.53 6.30 -5.79 

WM− 

KLY-2 

11.3 24.5 12.6 8.76 6.31 -20.0 -4730 -31.6 -8.29 
66. 7 

10.9 8.84 19.7 13.27 0.31 -5.44 -7.62 -3.77 -1.36 

           

Mean 
1.43 32.3 51.1 8.78 41.2 40.1 1360 22.7 -1.74  

3.84 9.01 25.0 4.95 2.03 15.2 -48.0 6.39 -1.02 

 Mean positive 
9.66 68.9 90.4 13.2 122 124 4060 52.4 4.14 

7.26 16.6 37.9 7.18 6.00 52.8 6.17 10.9 4.00 

X (%) 65 65 80 85 65 40 55 75 40 
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3.2.3 Factors controlling the flux of specific VHOCs  551 

 552 

Trihalomethanes: Table 4 indicates a higher overall incidence of positive flux measured in 553 

brominated than in chlorinated VHOCs, except for CHCl3 for which the net flux is positive for 554 

65 % of the measurements. The net flux of the brominated trihalomethanes also tends to be 555 

higher than the more chlorinated trihalomethanes (CHBr2Cl > CHBr3 > CHBrCl2 > CHCl3; see 556 

Table 4). When averaging over the positive fluxes only, CHCl3 exhibits the second highest flux 557 

of all investigated VHOCs (175 nmol m−2 s−1), suggesting both high emission and their balance 558 

to some extent by sinks for this species.  559 

Natural emission of trihalomethanes from soil has been shown to occur without microbial 560 

activity involvement, induced via oxidation of organic matter by an electron acceptor such as 561 

Fe(III) (Huber et al., 2009) or via hydrolysis of trihaloacetyl compounds (Albers et al., 2017). 562 

The soils studied by Albers et al. (2017) are in general significantly richer in OM than the soil at 563 

the Dead Sea, except for COAST−TKM-SD. Hence, the apparently higher emission from the 564 

Dead Sea soil may indicate either a different mechanism leading to the release of 565 

trihalomethanes from soil or only a weak dependency on availability of OM in the soil. The 566 

latter possibility may be supported by the fact that Albers et al. (2017) did not find a correlation 567 

between chloroform emission rate and organic chlorine in the soil, and by the association found 568 

in the present study between soil halide content and VHOC flux for COAST−EGD and 569 

COAST−TKM sites (Sect 3.2.2). While trihalomethane formation via organic matter oxidation 570 

was reported to occur more rapidly at low pH, and specifically at pH > ~3.5 (Huber et al., 571 

2009;Ruecker et al., 2014), its formation via hydrolysis of trihaloacetyl is expected to occur 572 

faster at the relatively high pH of ≥ 7 (Hoekstra et al., 1998;Albers et al., 2017). Yet, according 573 

to Ruecker et al. (2014), in hypersaline sediments the formation of VHOCs via organic matter 574 

oxidation involving Fe(III) can occur at pH > 8 for biotic processes. Therefore, given the 575 

relatively high pH (~7.4−7.9) at these sites, our present findings of high trihalomethane 576 
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emission rates from bare and from vegetated soil sites support the evidence supplied by Albers 577 

et al. (2017) concerning the emission of trihalomethanes from the soil after trihaloacetyl 578 

hydrolysis (Table 3). Albers et al. (2017) demonstrated that their proposed mechanism supports 579 

the emission of CHCl3 and CHBrCl2 from soil, and suggested that additional halomethanes with  580 

higher number of bromine atoms can be expected to be emitted via this mechanism, but at much 581 

lower rates. Hence, the higher net fluxes for CHBr2Cl and CHBr3 at the Dead Sea could occur 582 

either because of the markedly higher composition of different halides in the Dead Sea soil (see 583 

Table 3) or because another mechanism is also playing a role in the emission. The finding of 584 

Hoekstra et al. (1998) that bromine enrichment mainly enhances the emission of CHBr3 and 585 

CHBr2Cl rather than that of CHBrCl2 supports the former possibility. While both Cl and Br soil 586 

contents are relatively high for the SD and COAST-EGD-MD, where emission of brominated 587 

trihalomethanes was higher than that of chlorinated trihalomethanes (see Table 4), remarkably 588 

high Br/Cl (1:43) relative to other sites was found in COAST−TKM-SD. No clearly more 589 

elevated positive flux of brominated compared to chlorinated trihalomethanes was observed for 590 

this site, suggesting that the main reason for the relatively elevated brominated trihaloethanes at 591 

the SD sites and COAST−EGD-MD is the high Br content rather than the Br/Cl ratio. The 592 

relatively elevated net flux of brominated trihalomethanes from the soil and vegetated sites 593 

indicates that relatively high rates of emission of these species can also occur from soils that are 594 

much less rich in Br than the SD sites and COAST−EGD-MD sites (see Tables 3, 4). Yet, the 595 

emission rates of CHBrCl2 at the Dead Sea were generally higher than those observed by Albers 596 

et al. (2017), probably reflecting the higher chlorine soil content at the Dead Sea.  597 

Methyl halides: Similarly to CHCl3, the methyl halides CH3Cl, CH3Br, and CH3I exhibit 598 

relatively large differences between their average overall measured fluxes and the average 599 

positive flux, implying high rates of both emission and deposition. The average positive flux of 600 

CH3Cl is the highest of all the VHOCs investigated, indicating strong emission and deposition 601 

for this species at the Dead Sea. Several studies have indicated that soil tends to act as a sink for 602 
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CH3Cl (Rhew et al., 2003). The relatively high fluxes of CH3Cl and CH3Br at WM−KLY-1 (983 603 

and 53.5 nmol m−2 d−1, respectively) may point to emission of this species from the local 604 

vegetation, in agreement with previous studies (Sect. 1), and potentially caused by a microbial- 605 

or fungal-induced emission (Moore et al., 2005;Watling and Harper, 1998).  606 

A positive net flux for CH3I was observed at least once at each of the vegetated soils, bare 607 

soils, or soils mixed with salt deposit mixtures (Table 4), but the fluxes we observed were not 608 

significantly higher than those obtained in previous studies (Sect. 3.1), a finding that might be 609 

attributable to the small concentrations of I in the soil relative to those of the other halides. At 610 

Duke Forest, Sive et al. (2007) observed a soil-emission CH3I flux of ~0.27 nmol m−2 d−1 on 611 

average (ranging from ~ 0.11 to 0.31 nmol m−2 d−1) under precipitation conditions in June, and 612 

higher emission rates (0.8 and 4.1 nmol m−2 d−1) under warmer and dryer conditions in 613 

September. In agreement with those findings, although generally our analyses did not indicate 614 

clear seasonal effects, we found that in all cases the net CH3I fluxes were higher in spring than 615 

in winter, except for COAST−TKM-SD (Fig. 2). Also, in 83 % of the measurements the CH3I 616 

mixing ratios were higher in spring than in winter (Fig. 3). 617 

Relatively high fluxes of CH3Cl and CH3Br, and to a lesser extent of CH3I, were observed at 618 

the COAST−TKM and COAST−EGD sites, particularly from the sites closest to the seawater. 619 

According to Keppler et al. (2000), the presence of Fe(III), OM and halide ions are basically 620 

sufficient to result in emission of methyl halides from both soil and sediments by a natural 621 

abiotic process (Sect.1). The strong emission of methyl halide from the COAST−TKM and 622 

COAST−EGD sites indicates that these species can be emitted at high rates from saline soil that 623 

is not rich in OM. The strongest emissions occurred from COAST−TKM-SD, COAST−EGD-624 

SD and to some extent from COAST−EGD-MD, pointing to a high sensitivity of methyl halide 625 

emission to soil OM and/or halide content (see Table 3). However, the emission of methyl 626 

halides from COAST−TKM-SD, where soil OM is substantially higher than at all other 627 
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investigated sites, is similar to or lower than the emission from COAST−EGD-SD and 628 

COAST−EGD-MD.  629 

In a study of emissions of the three methyl halides from soil by controlled experiments, 630 

Keppler et al. (2000) found a decrease in the efficiency of methyl halide emission according to 631 

CH3I > CH3Br > CH3Cl (10:1.5:1; mole fractions). We estimated the emission efficiencies of the 632 

different methyl halides based on the ratio between their fluxes and the concentrations of halide 633 

in the soil. To maintain consistency with the calculations of Keppler et al. (2000) our calculation 634 

was also based on mole fractions, and took into account only positive fluxes, on the assumption 635 

that they are closer in magnitude to emission. This corresponded with measured soil halide 636 

concentration proportions for Cl:B:I as 38487:445:1, and the evaluated emission efficiency 637 

proportions were 57.7:1.56:1 for CH3I, CH3Br and CH3Cl, respectively. These calculations 638 

verify an increasing efficiency of methyl halide emission such that CH3Cl < CH3Br < CH3I, in 639 

agreement with Keppler et al. (2000). These findings suggest that the methylation and emission 640 

of CH3Br and CH3Cl in our study were controlled by abiotic mechanisms similar to those 641 

reported by Keppler et al. (2000). The apparently higher relative efficiency of CH3I emission 642 

may point to emissions of CH3I via other mechanisms in the studied area, as discussed in Sect. 643 

3.3. It should be noted, however, that we based our calculations on positive flux and not 644 

emission flux, which might also be a reason for the inconsistency between relative emission 645 

efficiency of CH3I calculated by Keppler et al. (2000) and by us.  646 

C2HCl3: Only COAST−EGD was found to be, on average, a source for C2HCl3, mostly 647 

derived from strong emissions from COAST−EGD-SD (see, e.g., Fig. 2). COAST−EGD-SD is a 648 

mixture of salt beds with salty soil and therefore the elevated emissions of C2HCl3 at this site 649 

appear to support previous evidence for the emission of this gas by halobacteria from salt lakes, 650 

as reported by Weissflog et al. (2005). Additional chlorinated VHOCs, including CHCl3 and 651 

CH3Cl, also demonstrated increased emission from this site, in line with the findings of 652 

Weissflog et al. (2005). Note that the net measured fluxes for most of the VHOCs investigated 653 
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during COAST−EGD-SD-w were smaller than those of COAST−EGD-SD-s, as discussed in 654 

Sect. 3.2.2. 655 

CH2Br2: CH2Br2 showed positive fluxes from all site types, with a positive average net flux 656 

from most sites (see Fig. 2). The highest fluxes were observed over TMRX−ET (TMRX−ET-2) 657 

and over bare soil (BARE−MSD-2). Correlation of CH2Br2 with trihalomethanes will be 658 

discussed in Sect. 3.3 659 

 660 

3.3 Flux and mixing ratio correlations between VHOCs  661 

Table 5 presents the correlations between the evaluated mixing ratios of VHOCs at the Dead 662 

Sea, separately for all sites and for the terrestrial sites only. In most cases the correlations 663 

between species over the terrestrial sites were low (r2 < 0.1), but were substantially higher for 664 

the brominated trihalomethanes (CHBr3−CHBrCl2 (r2 = 0.62), CHBr2Cl−CHBrCl2 (r2 = 0.75), 665 

and CHBr2Cl−CHBr3 (r2 = 0.72), supporting a common source mechanism for these species. 666 

Relatively high correlations were also obtained, although to a lesser extent, between methyl 667 

halides, particularly between CH3Cl and CH3Br (r2 = 0.57). Correlations were in most cases 668 

either similar or smaller, when we included measurements over the seawater site SEA−KDM, 669 

which may reinforce predominant contribution of VHOCs from terrestrial sources in the area of 670 

the Dead Sea. Table 5 shows relatively high correlations of CHCl3 with all the methyl halides 671 

CH3Cl, CH3Br and CH3I (with r2 ranging from 0.19 to 0.28), suggesting common emission 672 

sources and/or sinks for these species.   673 
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Table 5. Correlations between the mixing ratios of VHOCs. Shown is the coefficient of determination (r2) between 674 

each VHOC pair for the measured mixing ratio, when calculated over all sites excluding SEA−KDM and including 675 

SEA−KDM (in parenthesis).   676 

 CHBrCl2 CHBr3 CHBr2Cl CHCl3 CH2Br2 C2HCl3 CH3Cl CH3Br 

CH3I 
0.05 

(0.05) 

0.02 

(0.02) 

0.02 

(0.02) 

0.20 

(0.21) 

0.01 

(0.01) 

0.03 

(0.03) 

0.09 

(0.10) 

0.13 

(0.13) 

CH3Br 
0.04 

(0.03) 

0.14 

(0.14) 

0.07 

(0.06) 

0.19 

(0.18) 

0.27 

(0.26) 

0.04 

(0.03) 

0.57 

(0.56) 
 

CH3Cl* 
0.00 

(0.00) 

0.05 

(0.04) 

0.02 

(0.02) 

0.28 

(0.28) 

0.01 

(0.01) 

0.01 

(0.01) 
  

C2HCl3 
0.01 

(0.01) 

0.03 

(0.01) 

0.02 

(0.03) 

0.07 

(0.07) 

0.00 

(0.00) 
   

CH2Br2 
0.00 

(0.00) 

0.05 

(0.04) 

0.01 

(0.01) 

0.03 

(0.03) 
    

CHCl3 
0.13 

(0.13) 

0.07 

(0.04) 

0.06 

(0.06) 
     

CHBr2Cl 
0.75 

(0.76) 

0.72 

(0.56) 
      

CHBr3 
0.62 

(0.48) 
       

*Correlations for CH3Cl over VEG sites were excluded one CH3Cl measurement in TMRX−ET-1 (see Sect. 2.1.2). 677 

Table 6 records the correlations between the measured VHOC fluxes, separately for all sites, 678 

bare soil sites, vegetated sites (VEG), TMRX−ET sites and WM−KLY sites, as well as for the 679 

sites closer to the seawater, including all COAST−TKM and COAST−EGD sites. For the two 680 

last, correlations are also presented separately for the two SD sites closest to the seawater 681 

(COAST−TKM-SD and COAST−EGD-SD). Note that the table compares net flux rather than 682 

emission flux, and therefore the reported correlations are expected to be affected by both sinks 683 

and sources for the different VHOCs.  684 

Table 6 demonstrates moderate to high positive correlations in most cases when all sites are 685 

included in the calculation, while in general the correlations were significantly higher when 686 

calculated for sites of the same type, suggesting common emission mechanisms or controls. In 687 

most cases correlations for the vegetated sites were higher than the overall correlations for all 688 

sites. The relatively high correlations in the vegetated sites may be in line with previous studies 689 

indicating high emissions from vegetation at marsh coasts (Rhew et al., 2002;Deventer et al., 690 

2018), but positive fluxes for methyl halides were obtained only in a few cases at the vegetated 691 

sites, and not in all cases for all methyl halides simultaneously. Hence, it appears that the 692 
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correlations between methyl halides at the vegetated sites are more likely to be attributable to 693 

common sinks. The fairly elevated correlations between methyl halide fluxes at the SD sites, 694 

together with the fact that, in most cases, fluxes of the three methyl halides from these sites were 695 

positive and high, suggests that these sites have a common source or sources for methyl halides.  696 

High correlations were obtained for trihalomethanes in the vegetated sites (r  0.82), except 697 

for CHCl3, whose correlations with other trihalomethanes were lower. We also observed high 698 

correlations of CH2Br2 with all trihalomethanes, particularly for the vegetated sites (r  0.77), 699 

and somewhat lower correlations with CHCl3 (r = 0.55). CH2Br2 also showed high correlations 700 

with CHBrCl2 (r = 0.90) and CHBr3 (r = 0.88) at the SD sites, suggesting a common emission 701 

mechanism for CH2Br2 and the other trihalomethanes.  702 

Correlation of CH2Br2 with CHBr2Cl at the SD sites was strongly negative (r = −0.93), 703 

similarly to the negative correlation between CHBr2Cl and the other brominated 704 

trihalomethanes, CHBCl2 (r = −0.98) and CHBr3 (r = −0.65), at these sites. This, together with 705 

the fact that the measured fluxes of these species were generally positive over the SD sites, 706 

points to competitive emission between CHBr2Cl and both CHBrCl2 and CHBr3, at least at the 707 

SD sites. This is supported by the analysis in Sects. 3.2.2 and 3.2.3, which have demonstrated 708 

that the halide content of the soil appears to play a major role in controlling the emission rates of 709 

VHOCs under the studied conditions. High positive correlation between all four brominated 710 

species was observed for the bare soil sites as well as for the vegetated sites (see Table 6), 711 

further supporting the notion that CHBr2Cl too can be emitted via mechanisms similar to those 712 

of the other two brominated trihalomethanes and CH2Br2. 713 

Table 6 also indicates overall low correlations between CHCl3 and all of the brominated 714 

trihalomethanes, mostly resulting from negative correlations at the bare soil sites. There was 715 

also a higher incidence of positive fluxes at the bare soil sites for the trihalomethanes CHCl3 and 716 

CHBrCl2, compared with the less chlorinated, CHBr3 and CHBr2Cl (Table 4). Hence, the 717 

negative correlation between CHCl3 and the brominated trihalomethanes at the bare soil sites 718 
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may indicate competitive emission between the more chlorinated and the more brominated 719 

trihalomethanes. The situation at the bare soil sites resembles previous reports of the 720 

predominant emission of CHCl3 at the expense of the more brominated species (e.g., (Albers et 721 

al., 2017;Huber et al., 2009)), particularly CHBr3 and CHBr2Cl. This would be expected, given 722 

the higher Cl/Br ratio at these sites (see Table 3). We should emphasize that even at the bare soil 723 

sites we observed relatively high positive fluxes of brominated trihalomethanes, which would 724 

not generally be expected (Albers et al., 2017), and can be attributed to the relatively high 725 

bromine enrichment of the soil. 726 

Interestingly, in agreement with Table 5, Table 6 also shows relatively high correlations 727 

between CHCl3 and all methyl halides, particularly for BARE (r ≥ 0.68) and at the SD sites (r ≥ 728 

0.59). We also found high correlations for the SD sites between C2HCl3 and all methyl halides (r 729 

≥ 0.59). Remarkably high correlations were obtained between CH3I and the brominated 730 

trihalomethanes and CH2Br2 at the vegetated sites (r ≥ 0.57), and for CH3I with CHCl3 and 731 

C2HCl3 at the SD sites (r = 0.99 in both cases). In most cases the flux of CH3I was negative at 732 

the vegetated sites; therefore, it is not clear whether the strong correlations between CH3I and 733 

the brominated trihalomethanes at these sites point to common sources or sinks. In contrast, 734 

positive fluxes of both CH3I and the brominated trhihalomethanes and CH2Br2 were observed at 735 

the SD sites in most cases, pointing to a common source of these species at the SD sites. 736 

Weissflog et al. (2005) found that emission of C2HCl3, CHCl3 and other chlorinated VHOCs can 737 

occur from salt lakes via the activity of halobacteria in the presence of dissolved Fe (III) and 738 

crystallized NaCl. The strong correlations of CHCl3, C2HCl3 and CH3I (r = 0.99 in all cases) 739 

reinforce the common emission of CHCl3 and C2HCl3 from salt lake sediments, as indicated by 740 

Weissflog et al. (2005), and may also indicate that CH3I can be emitted in a similar way. The 741 

fact that the emission of CH3I in our study was much more efficient than under the conditions 742 

used by Keppler et al. (2000) supports the possibility that mechanisms other than the abiotic 743 

emission pathway proposed by Keppler et al. (2000) influence the emission of CH3I at the Dead 744 
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Sea (Sect. 3.2.3). The relatively high correlations between fluxes of CHCl3 and C2HCl3 and the 745 

other methyl halides, CH3Br and CH3Cl, for Bare and SD, may suggest that these methyl halides 746 

are also emitted, via similar mechanisms, from the salt deposits.  747 

 748 

Table 6. Correlations between the measured net flux of VHOCs. The table records the Pearson correlation 749 

coefficient (r) for the measured net flux between each VHOC pair, calculated over all sites except SEA−KDM.   750 

  CHBrCl2 CHBr3 CHBr2Cl CHCl3 CH2Br2 C2HCl3 CH3Cl CH3Br 

CH3I 

All (n = 20) 0.34 0.13 -0.56 0.58 0.19 0.59 0.45 0.23 

BARE (n = 6) -0.54 -0.85 -0.78 0.68 -0.32 0.54 0.73 0.77 

COAST (n = 10) 

SD (n = 4) 

0.50 

(0.13) 

0.26 

(0.72) 

-0.64 

(-0.05) 

0.66 

(0.99) 

0.81 

(0.35) 

0.63 

(0.99) 

0.54 

(0.90) 

0.08 

(0.69) 

VEG (n = 4) 0.76 0.72 0.57 0.31 0.88 0.16 0.11 0.45 

CH3Br 

All (n = 20) -0.08 0.39 0.22 0.20 -0.06 0.33 0.30 

 

BARE (n = 6) -0.22 -0.83 -0.45 0.83 -0.21 0.57 0.61 

COAST (n = 10) 

SD (n = 4) 

-0.51 

(-0.62) 

0.65 

(0.07) 

0.19 

(0.69) 

0.29 

(0.59) 

-0.04 

(-0.40) 

0.33 

(0.59) 

-0.24 

(0.69) 

VEG (n = 4) 0.67 0.87 0.47 -0.57 0.36 -0.76 0.94 

CH3Cl* 

All (n = 19) 0.27 0.05 0.00 -0.37 -0.15 0.54 

  

BARE (n = 6) -0.33 -0.63 -0.54 0.86 0.21 0.71 

COAST (n = 10) 

SD (n = 4) 

0.58 

(0.07) 

-0.09 

(0.45) 

-0.16 

(0.08) 

0.69 

(0.91) 

0.14 

(0.12) 

0.66 

(0.86) 

VEG (n = 3) 0.45 0.68 0.31 -0.75 0.06 -0.91 

C2HCl3 

All (n = 20) 0.10 0.53 0.05 0.83 0.02 

   

Bare (n = 6) -0.41 -0.66 -0.52 0.56 -0.10 

COAST (n = 10) 

SD (n = 4) 

0.30 

(0.26) 

0.65 

(0.81) 

-0.01 

(-0.19) 

0.99 

(0.99) 

0.26 

(0.48) 

VEG (n = 4) -0.05 -0.34 0.12 0.96 0.33 

CH2Br2 

All (n = 20) 0.62 0.36 -0.17 0.15 

    

BARE (n = 6) 0.77 0.58 0.68 0.08 

COAST (n = 10) 

SD (n = 4) 

0.45 

(0.90) 

0.26 

(0.88) 

-0.85 

(-0.93) 

0.27 

(0.45) 

VEG (n = 4) 0.91 0.77 0.87 0.55 

CHCl3 

All (n = 20) 0.01 0.30 0.01 

     

BARE (n = 6) -0.25 -0.74 -0.46 

COAST (n = 10) 

SD (n = 4) 

0.31 

(0.27) 

0.60 

(0.77) 

-0.04 

(-0.18) 

VEG (n = 4) 0.22 -0.09 0.40 

CHBr2Cl 

All (n = 20) -0.11 0.16 

      

Bare (n = 6) 0.95 0.86 

COAST (n = 10) 

SD (n = 4) 

-0.22 

(-0.98) 

0.11 

(-0.65) 

VEG (n = 4) 0.82 0.94 

CHBr3 

All (n = 20) 0.22 

       

BARE (n = 6) 0.72 

COAST (n = 10) 

SD (n = 4) 

-0.04 

(0.65) 

VEG (n = 4) 0.95 

* Correlations for CH3Cl over VEG sites were excluded one CH3Cl measurement in TMRX−ET-1 (see Sect. 751 

2.1.2).  752 
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Summary  753 

The results of this study demonstrate high emission rates of the investigated methyl halides as 754 

well as of brominated and chlorinated VSLS at the Dead Sea area, corresponding with mixing 755 

ratios which in most cases are significantly higher than typical values in the MBL. Overall, our 756 

measurements indicate a higher incidence (in 65−85 % of measurements) of positive fluxes of 757 

brominated than of chlorinated VHOCs, except for CHCl3, for which the incidence of positive 758 

net fluxes was also relatively high (65 % of measurements). The high incidence of brominated 759 

VHOCs can be attributed primarily to the relatively large amount of Br in the soil, rather than 760 

the Br/Cl ratio. We did not detect any clear effect of meteorological parameters, emission from 761 

the seawater, or season, other than ― in agreement with Sive et al. (2007) ― an apparently 762 

higher emission of CH3I during spring than during winter. The four investigated site types, the 763 

cultivated and natural vegetated, the bare soil and the coastal sites, are identified as potential net 764 

sources for all VHOCs investigated, except for the emission of CH3I and C2HCl3 from the 765 

vegetated sites. Hence, this study reveals strong emission of VHOCs over at least a few 766 

kilometers from the Dead Sea. The fluxes, in general, were highly variable, showing changes 767 

between sampling periods even for a specific species at a specific site. 768 

Emissions were highest from the SD sites, where salinity is maximal, and which clearly 769 

showed an increased incidence of positive flux with decreasing distance from the seawater, 770 

pointing to the sensitivity of VHOC emission rates to salinity even at the hypersaline coastal 771 

area of the Dead Sea. The measurements did not indicate either increased or reduced emissions 772 

of VHOCs from the seawater itself. It was shown that emissions of VHOCs can occur from dry 773 

soil under semi-arid conditions during summer, in agreement with findings from other 774 

geographic locations that soil water does not seem to be a limiting factor in VHOC emission 775 

(Kotte et al., 2012). Rain events appear to attenuate the emission rates of VHOCs at the Dead 776 

Sea. Measurements at a bare soil site suggested a decrease in VHOC emission rates for 1−3 days 777 
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after a rain event, while the gradual increase in VHOC emission more than three days after the 778 

rain event suggests that these VHOC emissions are, at least partially, biotic-induced. 779 

Trihalomethanes, including CHCl3, CHBr2Cl, CHBr3 and particularly CHBrCl2, are 780 

associated with the highest number of sites at which their flux was, on average, positive, while 781 

CHBr3, CHBr2Cl and CHBrCl2 showed relatively high incidence of positive fluxes, with values 782 

of 65 %, 80 % and 85 %, respectively. This finding, together with the relatively high 783 

correlations observed between brominated trihalomethanes, points to common formation and 784 

emission mechanisms of these brominated trihalomethanes, in line with previous studies. Our 785 

analyses further suggest emission of CH2Br2 via mechanisms that are common to the 786 

trihalomethanes. Correlation of the brominated trihalomethanes with CHCl3 was lower. Whereas 787 

Albers et al. (2017) suggested that CHBr3 and CHBr2Cl are emitted from soil only in relatively 788 

small amounts compared to CHCl3, our results point to their higher emission via common 789 

mechanisms with the other trihalomethanes. The overall average net flux of the trihalomethanes 790 

decreased according to CHBr2Cl > CHBr3 > CHBrCl2 > CHCl3. The enhanced emission of 791 

brominated trihalomethanes probably reflects the enrichment of the Dead Sea soil with bromine, 792 

in line with findings by Hoekstra et al. (1998), who identified a higher natural emission of 793 

CHBr3 and CHBr2Cl rather than of CHBrCl2 from the soil, following the soil’s enrichment with 794 

KBr.  795 

We identified the SD sites as a probable source for all methyl halides, whereas vegetated 796 

sites appear more likely to act as a net sink for these species. Comparing the proportion of Br 797 

and Cl in the soil for the various sites with proportions of measured positive flux of CH3Br and 798 

CH3Cl are in line with reports by Keppler et al. (2001) about emission of methyl halides via 799 

abiotic oxidation of organic matter in the soil. Similar calculations in our study demonstrated 800 

much higher efficiencies of CH3I emission than those reported by Keppler et al. (2000), pointing 801 

to emission of CH3I via other mechanisms. The high correlation of CH3I emission with that of 802 

CHCl3 and C2HCl3, particularly at the SD sites, together with findings by Weissflog et al. 803 
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(2005), of various chlorinated VHOCs emission, including CHCl3 and C2HCl3, from salt lake 804 

sediments, suggests that the Dead Sea, particularly the SD, sites probably act as an emission 805 

source for CHCl3, C2HCl3 and CH3I via similar mechanisms. Weissflog et al. (2005) reported 806 

that the emission of chlorinated VHOCs in their study was induced by microbial activity. 807 

Keppler et al. (2000) reported the involvement of an abiotic process in the formation of alkyl 808 

from soil and sediments, and the observed correlation between methyl halides and both CHCl3 809 

and C2HCl3 may indicate that the two processes occur simultaneously. Further research will be 810 

needed to decipher the relative importance of each process in soil and salt sediments, including 811 

more direct emission measurements from a better-defined landform, e.g., by using flux 812 

chambers. 813 

Of all the VHOCs investigated in our study, CHBr3 showed the highest enrichment with 814 

respect to MBL mixing ratios. Owing to the relatively short tropospheric lifetime of CHBr3, its 815 

photolysis contributes significantly to reactive bromine formation in the MBL. However, 816 

although relatively high, the elevated CHBr3 fluxes and mixing ratios that we measured at the 817 

Dead Sea, cannot lead to the elevated mixing ratios of reactive bromine species at the Dead Sea, 818 

which are frequently associated with BrO > 100 ppt (e.g., see Matveev et al. (2001) and Tas et 819 

al. (2005)). Similarly, if CH3I photolysis is the only source of reactive iodine species, the 820 

measured fluxes and elevated mixing ratios of CH3I are not high enough to account for the high 821 

IO in this area. Given their relatively fast photolysis, however, CH3I and CHBr3, as well as 822 

CH2Br2, may well have roles to play in the initiation of reactive bromine and iodine formation in 823 

this area.   824 

Overall, along with other studies, the findings presented here highlight the potentially 825 

important role played by emission of VHOCs from saline soil and salt lakes in stratospheric and 826 

tropospheric chemistry, and call for further research on VHOC emission rates and controlling 827 

mechanisms.  828 
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