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Abstract

Precipitation chemistry data provide important information for environmental studies on large-scale
element cycling and anthropogenic impacts on our atmosphere, but also for hydrochemical models
and groundwater recharge estimations via the Chloride Mass Balance method. Such recharge data play
a crucial role in groundwater management, particularly in (semi-)arid areas. Unfortunately,
precipitation analyses are often scarce in such regions. This also applies to the Arabian Peninsula,
including southern Oman. To overcome this lack of rain chemistry data, we developed a strategy for
automatic weekly bulk precipitation sampling, using recently designed automatic rainwater samplers.
The integral samples were gathered along an elevation gradient from the Salalah coast to the Dhofar

mountains during the Indian Ocean Monsoon seasons 2017 and 2018.

Our major ion analyses of the rainwater samples revealed considerable temporal and spatial
heterogeneity, in terms of ion proportions and absolute concentrations. Samples from the coast were
relatively salty (EC mostly >3000 uS cm™) and rich in Na* and CI', reflecting small rain amounts and a
sea spray effect. Further inland, solute concentrations were lower, partly due to more precipitation,
and ions such as Ca%* and SO4* gained importance, probably due to calcite and gypsum dust. This
pattern reflects the interplay between solute availability (influenced by regional geology, wind
direction at different altitudes, and wind speed) and precipitation amounts. Cl/Br ratios were fairly
uniform and scattered around the seawater value. Combining ion concentrations and rain amounts
yielded bulk depositions that showed an erratic pattern along the elevation gradient, i.e., depositions
did not decrease steadily in inland direction, as one may assume. This suggests that the occasionally
reported approach of collecting a few opportunistic grab samples at a single site is unlikely to yield

data that are representative for a larger coastal study area.

Key words: rain, precipitation chemistry, dry deposition, Indian Ocean Monsoon, Khareef, Dhofar



47

48
49
50
51
52
53

54
55
56
57
58
59
60
61
62

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

1. Introduction

Precipitation chemistry data are crucial for our understanding of local and global atmospheric element
cycling and for an assessment of corresponding anthropogenic impacts (Ahmed et al., 1990; Decina et
al., 2019; Liotta et al., 2021; Riechelmann et al., 2022; Tso et al., 2022; Vet et al., 2014). Moreover,
precipitation is the initial solvent or “titrant” in hydrogeochemical systems (Edmunds, 2010) and its
major ion concentrations are required as input data for hydrochemical models (Christofi et al., 2020;

Paukert et al., 2012; Solder and Jurgens, 2020).

While precipitation chemistry monitoring networks are established in some parts of the world, several
regions lack adequate data (Vet et al., 2014). One example is the Arabian Peninsula, where isolated
studies have been conducted, using different approaches (Ahmed et al., 1990; Alabdula’aly and Khan,
2000; Matter et al., 2005; Michelsen et al., 2015; Miiller et al., 2020; Schemenauer and Cereceda, 1992;
Strauch et al., 2014; Weyhenmeyer, 2000; Wood et al., 2010; see Table S1, Fig. S1), but overall data
coverage is still poor. This data scarcity does not only affect atmospheric research in the region, but
also hampers the application of a number of methods to study groundwater. Examples include 1) the
Chloride Mass Balance method, 2) the use of the ion ratio ClI'/Br in hydrochemical studies, and 3)

hydrochemical models.

Chloride mass balance calculations are a versatile tool (Cartwright et al., 2013, 2017; Keppel et al.,
2012). Arguably, the most popular application is the estimation of groundwater recharge, based on
the atmospheric deposition of chloride and its concentration in groundwater. Due to the simplicity of
the method, it is generally popular in (semi-)arid areas and can be a powerful tool to assess
groundwater replenishment (Scanlon et al., 2002) — if the required long-term data on atmospheric
chloride are available (Scanlon et al., 2006). Yet, due to data scarcity, Imes and Wood (2007) used the
mean chloride concentration of only four rain events (4.6 mg L?) in their study in the United Arab
Emirates. Similarly, Abdalla et al. (2018) considered an average chloride value from seven rain samples
(12.6 mg L?) for their study area in Oman. In the latter case, it is noteworthy that their study area
ranged from the coast to the North Oman Mountains (distance approx. 70 km; elevation difference
>1,500 m; sampling point elevation difference up to >600 m), which raises the question, if one can
indeed assume the chloride concentration in rain to be homogenous in such a setting (see also
Weyhenmeyer et al., 2002). A number of studies report a significant spatial variability of precipitation
chemistry at the coast (Blew and Edmonds, 1995; Bresciani et al., 2014; Guan et al., 2010; Ladouche et
al., 2009; Sanz et al., 2002), but the corresponding coastal transects are mostly located in more humid
regions such as the United States, Southern Australia, France, or Spain. Data on this phenomenon in

arid areas are still scarce.
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Apart from the conservative ion CI, the ion ratio CI'/Br has become an invaluable tracer in
groundwater studies (Cartwright et al., 2006; Davis et al., 1998), also on the Arabian Peninsula. While
applications of this tool are abundant (Askri et al., 2016; Hussain et al., 2020; Macumber et al., 1998),
data on CI/Br in precipitation, representing an important end-member, are rare or even non-existent

in this part of the world.

Precipitation chemistry data are also helpful for hydrochemical models. Such thermodynamic
calculations are, for example, performed in the context of serpentinization of peridotites in Oman.
While Paukert et al. (2012) were able to retrieve data on seven Omani rain samples from an
unpublished PhD thesis (Weyhenmeyer, 2000), Leong et al. (2021) utilized a global average rainwater

as input fluid for their model (cf. Carroll, 1962), presumably because of scarcity of local data.

The Salalah area in Southern Oman is no exception in this respect, but here the scarcity of published
rain chemistry data is somewhat surprising. Every summer, the area experiences monsoon rains that
replenish the local groundwater resources (Clark et al., 1987; Strauch et al.,, 2014), forming the
backbone of the area’s water supply. Even recurring calls for rainwater harvesting schemes (i.e., direct
use of rainwater; Abdul-Wahab et al., 2007, 2010) did not trigger comprehensive investigations of the
monsoon chemistry. To our knowledge, only two published studies are available and both have a
snapshot character. Schemenauer and Cereceda (1992) analyzed seven cloudwater samples from five
days between 22 and 30 July 1990 and Strauch et al. (2014) investigated fog and rain samples during a
four-day period from 17 to 20 August 2009.

Here, we extend this limited data set by analyzing the entire monsoon seasons of 2017 and 2018 in
the Salalah area. Inspired by investigations of coastal transects in more humid regions (Blew and
Edmonds, 1995; Guan et al., 2010; Ladouche et al., 2009), the samples were gathered along a 28 km
long elevation gradient from the coast to the Dhofar mountains (880 m a.sl.). Yet, unlike many other
studies, we used automatic samplers, which allowed us to obtain weekly (time-synchronized)
composite samples. The obtained data hence enable an evaluation of 1) temporal dynamics within the
monsoon seasons, 2) spatial differences in chemical fingerprints, and 3) underlying mechanisms. To
complement the chemical data and to aid interpretation, also modeled air mass back-trajectories are

considered.

2. Study area

Salalah is Oman’s third-largest city and the capital of the Dhofar governorate. The city’s warm, semi-
arid climate is characterized by a mean annual air temperature of 26°C with a correspondingly high
potential evaporation of about 1700 mm a* (Shammas and Jacks, 2007). Precipitation mostly occurs

in the form of low-intensity rain and drizzle (<10 mm d) during the annual Indian Ocean Monsoon
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(locally called khareef) between mid-June and mid-September (Fig. S2). During this time, southerly
winds from the Arabian Sea push moist air masses against the Dhofar mountain range north of Salalah
(900-1300 m a.s.l.; Fig. 1, Fig. S3) where they are trapped by a thermal inversion layer (Abdul-Wahab,
2003; Schemenauer and Cereceda, 1992). Occasionally, cyclones contribute precipitation (every 2-6
years, Friesen et al. 2018). Annual precipitation amounts account for roughly 100 mm at the coast and
250 mm at the mountain crest and most of this rain falls during the monsoon (55 and 220 mm,

respectively; Hildebrandt et al. 2007).

Saudi Arabia

" Rub'Al Khali
desert

Phofar - ‘
mountains

Arabian Sea

Fig. 1. Map showing the Salalah coastal plain and the adjacent Dhofar mountain range. The area north
of the dashed line is dominated by limestones. Colored points represent monitoring stations (see also

Table 1; satellite image: Google Earth Pro).

The coastal plain surrounding Salalah shows a length of approx. 60 km and a maximum width of about
15 km (Friesen et al., 2018). It is dominated by Quaternary deposits (mostly sand and gravel) and
Pliocene conglomerates towards the mountains. The Dhofar mountain range is mainly build up by
Paleocene to Early Eocene limestones of the Umm Er Radhuma Formation (Fig. 1). Further inland,
Eocene rocks of the Rus and Dammam Formations (mainly limestone, dolomite, gypsum) are exposed

(Ministry of Petroleum and Minerals, 1998).
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3. Methods

Precipitation samples were collected at several sites along an elevation gradient from the coast to the
mountains (Fig. 1). Due to logistical reasons, monitoring station availability changed slightly between

2017 and 2018 (Table 1).

Table 1. Overview of monitoring stations, including covered years.

ID Name Elevation [m a.s.l.] Distance to sea [km] Coordinates 2017 2018
7 Qairoon Hairiti 880 28 17°15'9.9"N, 54°5'20.8"E X -
6 Gogub 700 25 17°13'42.2"N, 54°5'26.2"E X X
5 Rakbeet 510 19 17°10'27.4"N, 54°7'16.4"E X X
4  Ittin 330 12 17°6'24.60"N, 54°3'52.6"E X X
3  Garsis 93 10 17°5'25.6"N, 54°4'37.5"E X X
2 Saadah 30 5 17°3'16.6"N, 54°8'42.9"E - X
1 Dahariz 5 0.1 17°0'41.2"N, 54°10'17.9"E X X

At each station, a custom-made automatic rain sampler (Michelsen et al., 2019) was installed prior to
the monsoon season (17 June 2017 and 23 June 2018). The samplers consist of a funnel leading to a
distribution unit to which up to 18 HDPE bottles are connected. Upon installation, the distribution unit
was programmed to change the connected bottles in seven-day intervals to obtain weekly (time-
synchronized) composite samples. As the funnel is continuously exposed, the sampler acts as a bulk
collector, i.e., also dry deposition is collected, if it is flushed down by precipitation. A combination of
design features efficiently reduces post-sampling evaporation (lab experiments; see Michelsen et al.,
2019) and field controls (sensu Michelsen et al., 2018), i.e., weighed pre-filled bottles included in the
sampler, suggest maximum mass losses of 0.8 % over the monsoon period. Thus, we conservatively
estimate that losses from the actual sampling bottles could be on the order of a few percent or less,

and hence within analytical precision (see below).

Shortly after the end of the monsoon season (mid to end of September), the samples were retrieved
and rain amounts were determined gravimetrically with a portable scale (EMB 2000-2 by KERN,
Balingen, Germany). Electrical conductivity (EC) and pH value were measured with a handheld unit
(Multi 3430 by WTW, Weilheim, Germany). If collected water amounts permitted, alkalinity was
determined by titration with sulfuric acid (AL-DT alkalinity test kit by HACH, Diisseldorf, Germany) and
converted into bicarbonate concentrations. Samples were filtered (0.45 um) and shipped to the

laboratory.

In 2017, chemical analyses were performed at the UFZ Helmholtz Centre for Environmental Research

(Leipzig, Germany). Cations were measured by Inductively Coupled Plasma-Optical Emission
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Spectroscopy (ICP-OES; ARCOS by SPECTRO Analytical Instruments, Kleve, Germany), SO4* and Cl- were
determined by lon Chromatography (IC; ICS-2000 by Thermo Fisher Scientific, Waltham, MA, USA), and
NOs as well as NO; were analyzed photometrically (Gallery Plus by Thermo Fisher Scientific, Waltham,
MA, USA). The precision for these parameters is typically better than £5 % (relative standard deviation).
Samples gathered in 2018 were analyzed for all ions with an IC system (882 Compact IC plus by
Metrohm, Herisau, Switzerland) at the Institute for Applied Geosciences of the Technical University of

Darmstadt (Germany). Here, the precision for the targeted ions is typically better than +3 %.

Plausibility checks comprised the calculation of charge balance errors and comparison of EC and ion
concentration sums (Table S3). Charge balance errors are typically smaller than 5 %, although a few
exceptions are noted. In case of samples with small volumes (preventing alkalinity titration), no error
was calculated, but bicarbonate concentrations were estimated from the charge balance (assuming an
error of 0 %). Several samples stood out due to elevated PO4> concentrations (up to 3.9 mg L?). As all
concerned samples show high NHs* values (up to 40 mg L), we suspect contamination by bird
droppings (Asman et al., 1982) — despite bird deterrent spikes on the collection funnels. In case of
Station 6, elevated NH." concentrations may also be related to emissions from a nearby cattle farm
(Weijers and Vugts, 1990). Hence, no further attempt is made to interpret PO4*> or N species, and

emphasis is placed on the remaining parameters.

Enrichment factors for individual ions relative to bulk seawater (EF) were calculated as follows (Duce

et al., 1975):
EF = (X /Na+)sample / (X/Na+)sea (1)

where X is the concentration of the ion of interest. Na*is commonly used as reference ion, as it is often
assumed to originate exclusively from seawater (droplets or sea spray-derived particles). While some
lithogenic Na-bearing dust may be present (e.g., halite), the bulk of the Na* likely represents a marine

input in a coastal setting. Corresponding seawater values were taken from Appelo and Postma (2004).

To constrain solute sources, air mass back-trajectories were calculated with the HYbrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT; 48 h trajectories; Stein et al., 2015; Rolph et al.,
2017), using the GDAS 0.5° meteorology data set. Salalah airport was chosen as end point
(17°2'39.89"N, 54°5'3.46"E; Fig. 1). Back-trajectories were calculated every 12 h (12:00 and 00:00 local
time) for air masses reaching two altitudes above the airport — 300 and 1500 m above ground. The first
value represents monsoon-related clouds and reflects the mean cloud base altitude during the
monsoon (Fig. S3d; see also Schemenauer and Cereceda, 1992). The latter value is representative for

the conditions above the thermal inversion layer (see Abdul-Wahab, 2003).
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4. Results
4.1 Chemical composition of bulk precipitation

The hydrochemical data are presented in Table S3, along with the corresponding weekly precipitation

amounts, ranging from 0 to 77 mm. The maximum was recorded at Station 4 (Ittin, at 330 m a.s.l.).

The pH values range from 4.30 to 7.94, with a precipitation-weighted mean of 6.86, which is higher
than the pH of rain in equilibrium with atmospheric CO; (5.7 at 25°C; e.g., Carroll, 1962). The EC values
scatter between 63 and 26900 uS cm™ and the weighted mean accounts for 295 puS cm™. Due to this

high variability, a station-specific analysis considering precipitation amounts is required (Fig. 2).

Fig. 2 illustrates that the highest EC values were recorded for the coastal Station 1 (at 5 m a.s.l.). Here,
values of several thousand puS cm™ are common and also the above-mentioned maximum value was
encountered at this site. Stations at higher elevations (further inland) show lower ECs, usually a few

hundred pS cm™ or less.

The figure also reveals that higher ECs often occur in weeks with small rain amounts and vice versa.
Consequently, temporal aspects become apparent as well, particularly in 2017. Here, Stations 3-7
exhibit weak rains and correspondingly high EC values in the first monsoon week (similar effect at the

end of the monsoon). Yet, we do not see an elevated EC in the initial samples gathered in 2018.

Apart from precipitation and EC values, Fig. 2 incorporates chemical composition data — in a simplified
way, harnessing the Na*/(Na*+Ca?*) ratio. While at the lowest Stations 1-3, ratios >0.5 prevail (Na*
dominance), Stations 4-6, located farther away from the sea and at higher elevations, mostly show
ratios of around 0.5 (balanced) or higher (Ca%* dominance). Exceptions are noted for the first samples
that often exhibit a Na* predominance. The figure also exhibits temporal developments with increasing

Ca?* importance (e.g., Stations 3-6).
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Fig. 2. Development of precipitation amounts P [mm], EC values [mS cm™], and ion ratios (on a meq
basis) during the monsoon seasons 2017 (left) and 2018 (right). Note the partly differing scales. For
comparison, wind speeds from Salalah airport are included (accessed via IEM, 2021; see also Fig. S3).

In 2017, the first monsoon week starts on 24 June and in 2018 on 30 June.

Aiming at a better understanding of involved solute sources, a set of ion scatter plots was generated

(Fig. 3). When plotting ClI- against Na* (Fig. 3a), a large concentration spread becomes apparent (Cl: 4-
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4340 mg L'Y; Na*: 2-2360 mg LY). All points fall on or near the line representing seawater dilution and
the coastal Station 1 shows the highest concentrations of both ions (Cl: 378-4340 mg L; Na*: 209-
2360 mg L?).

Cl'/Br mass ratios (Fig. 3b) range from 120 to 417 and thus show some scatter, but most points fall
relatively close to the seawater line representing a ratio of 289 (for comparison: ClI//Brmear=655),

especially at higher Na* concentrations. The precipitation-weighted mean ratio accounts for 299.
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Fig. 3. Scatter plots for selected ions. Data for the construction of the seawater dilution lines are taken
from Appelo and Postma (2004). In selected plots, exemplary enrichment factors (EF) are shown. In e),

a line representing gypsum (or anhydrite) dissolution was included.

In the Ca%* vs. Na* plot (Fig. 3¢), all points lie above the seawater dilution line, i.e., the samples contain
more Ca?* than one would expect based on the corresponding Na* concentration and an assumed ion
ratio resembling that of seawater (Ca?* excess). The data also show a SO, excess with respect to
seawater, especially for the inland stations at higher elevations (Fig. 3d). The Ca?* vs. SO, plot (Fig.
3e) indicates a Ca2+ excess with respect to gypsum, i.e., the ions do not balance each other out (also

note the differing EFs in Fig. 3c and 3d).

While these scatter plots focus on ion ratios, absolute concentrations also deserve a closer look,
particularly because they are not only governed by salt availability, but apparently also by precipitation
amounts (see also Fig. 2). Hence, dedicated plots are presented for two selected ions, Na* and Ca%*

(Fig. 4). Both charts indeed reveal a dilution effect, i.e., lower concentrations are observed for samples
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associated with more rain. Interestingly, the composite samples representing Cyclone Mekunu (Miiller
et al., 2020; partly matching stations) fit into this picture as well. Moreover, an appreciable offset is

observed for the Na* data from Station 1 (Fig. 4a).

10000 g
= a) Station 7
B A Q. Hairiti
. 1000 g A
T E ‘h ™ Station 6
o - A B Gogub
E, 100 ¢ Y Cyclone
+<Zu E Mel|<unu Station 5
10 £ ® \ Rakbeet
C i ° o Station 4
1 L1l L1 Lo 111 “tln
0.1 1 10 100 1000
P fmm] Station 3
1000 g Garsis
F b)
r A Station 2
— Saadah
% 100 g
- 2
=)} = i
E L Cyclone g‘ar:'”.‘ 1
& r Mekunu anatiz
8 10 o \
E (]
E fo) Monsoon:
N A 2017
1 L L L1l 1 I NN 1 I e 1 I NN D 2018
0.1 1 10 100 1000

P [mm]

Fig. 4. Scatter plots showing the relation of selected ions with the precipitation amount P. For

comparison, composite samples from Cyclone Mekunu (Miller et al., 2020; circles) were included.

4.2 Bulk deposition

The above-mentioned patterns result from the interplay between the availability of solutes and of
water for dissolution, and in turn call for an analysis of spatial differences in bulk depositional flux.
Thus, the apparent total deposition over the entire monsoon seasons 2017 and 2018 was calculated

for each station with the available data (Fig. 5; see also Fig. S4).

The chart again demonstrates the differing hydrochemical characters of the stations. The cation
spectrum of the coastal Station 1 is dominated by Na* (see also Fig. 2 and 3). In contrast to the inland
stations, Ca?* and Mg?* show comparable mass contributions. Among the anions, CI" prevails. Further

inland, Ca?* contributions increase and Mg*, Na*, and Cl- become less important.

The total depositions do not exhibit a steady decrease along the elevation gradient, as one may expect.
They show a spatially erratic pattern, which also differs between the two years. The high bulk

depositions at Station 1 of about 37 g m? (2017) and 58 g m2 (2018) are not too surprising (little rain,
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but very high ion concentrations). However, the remarkable values of 54 g m?2 (2017) and 56 g m?

(2018) determined for Station 4 (distance to coast 12 km) do stand out. Accordingly, also individual
ions exhibit fairly large spreads. In terms of CI;, for instance, Station 1 shows deposition rates of 20.4
and 30.0 g m?2in 2017 and 2018, respectively, which are roughly 5 and 7.5 times higher than at the

highest stations.

Bulk deposition [g m*?] Bulk deposition [g m]

0 10 20 30 40 50 60 0 10 20 30 40 50 60

(S)t_a:‘;ﬁi; H:. - a) Station not active in 2018 b)
Siation s gy O o m

| getons - N ST

| Staton | B s .

| getons - T

| gtaae:?a"hz Station not active in 2017 il N HCO; /Soaz, o

| Staton ' | ] —_——

2017 \Caz\’Mgz* Na* \K‘ 2018

Fig. 5. Apparent major ion depositions for the monsoon seasons 2017 (left) and 2018 (right).

5. Discussion
5.1 Chemical composition of bulk precipitation

The highest EC values, often several thousand puS cm™, were encountered at the coastal Station 1 (Fig.
2), and inland stations at higher elevations show much lower values. Hence, the station location

(distance to sea, elevation) appears to play a role and a sea spray effect seems likely.

Additionally, we found that higher ECs predominantly occur in weeks with small rain amounts (and
vice versa; Fig. 2). Elevated EC values were also recorded for the first monsoon week in 2017. These
were associated with small rain amounts, but they are likely not the only reason for these initial high
ECs. Further reasons are probably 1) the slightly higher wind speeds at this time (Fig. 2), facilitating sea
spray generation and inland transport, and 2) that the first rains after a long dry period cause a washout
of atmospheric dust. Moreover, it is worth mentioning that 3) the first sampling bottle was found
empty at all stations. This implies that dry deposition may have accumulated on the funnel during the
first week of exposure (17-24 June 2017), but only entered the first sample (second bottle) in the
following week. In 2018, however, the first monsoon week showed no elevated ECs. While also in this

season the first bottle remained empty at all stations (like in 2017), the first actual monsoon week
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showed fairly high rain amounts. Further, Cyclone Mekunu had hit the area at the end of May 2018,
about a month before the monsoon (Fig. S3c). The associated rains, partly exceeding 600 mm within a
few days (Miller et al., 2020), probably caused an efficient washout, and the increased soil moisture
in the region (incl. parts of the Rub’ Al Khali desert; Birgi and Lohman, 2021) may have hampered

subsequent mobilization of particles by wind to some extent.

The higher Na* proportions observed at the lower stations are in line with the above-mentioned sea
spray effect. The mentioned temporal evolution with an increasing Ca?* role may be related to slightly
decreasing wind speeds (Fig. 2), implying that gradually less sea spray is generated and transported

inland.

The scatter plots (Fig. 3) illustrate an appreciable concentration spread. Individual CI" values, for
instance, scatter between 4 and 4340 mg L%, covering orders of magnitude. As a part of this variability
reflects weekly fluctuations, we also calculated precipitation-weighted ClI" means for the entire
monsoon seasons. In the 2017 monsoon, the values range from 16 mg L* (Station 6) to 1360 mg L*
(Station 1), and in the 2018 monsoon, they fall between 18 mg L* (Station 6) to 650 mg L (Station 1;
see Table S2). Hence, the mean Cl concentrations at the “saltiest” station are 85 times (2017) and 36
times (2018) higher than those at the “freshest” station in the mountains. Although a comparison with
other studies is hampered by differing study designs (distances, elevations, temporal scales), our
generally high CI" concentrations and their spatial heterogeneities seem remarkable. Mean
concentrations reported for other coastal areas (USA, Australia, France, Spain) are usually lower and
less variable (Blew and Edmonds, 1995; Bresciani et al., 2014; Guan et al., 2010; Ladouche et al., 2009;
Sanz et al., 2002; Table S2). Ladouche et al. (2014), for example, report a mean of about 3.5 mg L for
a station 50 km inland (at 583 m a.s.l.; Southern France) and 20.3 mg L for their coastal site (3 km

inland).

Apart from the above-mentioned scatter, the ClI" vs. Na* plot (Fig. 3a) shows a good match of the data
with the seawater dilution line and hence confirms the sea spray effect, particularly for the lower
stations that feature the highest concentrations. While Miiller et al. (2020) emphasized the importance
of sea spray for the study area in a cyclone context, it seems to play a role in the monsoon season as
well. Here, also the elevated significant wave heights during the monsoon — typically 2-2.5 m near the

coast and around 3 m offshore (Anoop et al., 2015; Bruno et al., 2020) — are noteworthy.

The sea spray effect becomes apparent in the CI//Br mass ratios too (Fig. 3b) — most are similar to the
seawater value. Although some deviations are noted for higher stations (especially Station 6), the
overall precipitation-weighted mean ratio accounts for 299, which is close to the seawater value of

289.
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However, the Ca?* excesses (Fig. 3c) suggest that not all ions originate from sea spray. While Ca%

enrichment in sea spray aerosol particles has been observed in chamber experiments with natural and
artificial seawater (Keene et al., 2007; Salter et al., 2016), the reported enrichment factors are
comparatively small (on the order of 1.2, Keene et al., 2007). As our EFs are much greater, particularly
at higher elevations (EF partly >100), a lithogenic Ca?* source seems likely (e.g., calcite, dolomite,
gypsum). This also (and particularly) applies, if some of the Na* is actually lithogenic, instead of marine

as commonly assumed.

Interestingly, many samples also show a SO4* excess with respect to seawater (Fig. 3d), especially
those from inland stations at higher elevations. Generally, elevated SO4* are often associated with
anthropogenic SOx emissions (e.g., Ahmed et al., 1990; Junge and Werby, 1958; Vet et al., 2014), but
the encountered enrichments seem too high to be mainly caused by pollution, despite intense traffic
during Salalah’s monsoon season (Al-Shidi et al., 2020; Charabi et al., 2018). Moreover, oceanic
dimethyl sulfide (DMS) emissions may play a role — in general, but particularly in the Arabian Sea with
its increased DMS fluxes (Erickson et al., 1990; Wang et al., 2020). Yet, if DMS was the dominant SO4*
source, we would expect a greater SO4% enrichment at the coastal site, compared to the inland
stations. Hence, also here we suspect a large contribution by a lithogenic source and in view of the
above-mentioned Ca? excess, atmospheric dust rich in gypsum (CaS04-2H,0) and/or anhydrite (CaS0a)
seems probable. In this context, it is worth mentioning that calcium sulphates are common dust
constituents in the region and have been detected in dust samples from western and central Saudi
Arabia (Engelbrecht et al., 2017; Pésfai et al., 2013), Kuwait (Khalaf et al., 1985), Qatar (Javed et al.,
2017), the United Arab Emirates (Semeniuk et al., 2014), and Northern Oman (Abdul-Wahab et al.,
2005; Semeniuk et al., 2014). Further, they have been reported to occur in aerosol samples collected
over the Arabian Sea/Indian Ocean (Johansen et al., 1999; Savoie et al., 1987). In the vicinity of the
study area, these minerals occur in the Eocene Rus formation, which crops out north of the Dhofar
mountains (see Section 2; Ministry of Petroleum and Minerals, 1998). Additionally, salt pans covering
large parts of the southeastern Arabian Peninsula (about 36500 km?; Schulz et al., 2015), for example
in the Rub’ Al Khali desert, are a potential gypsum source (Abdul-Wahab et al., 2005; Michelsen et al.,
2015). However, both sources could only play a role for the present study, if corresponding dust was
transported in roughly southern direction, i.e., against the dominating monsoon wind regime. The air
mass back-trajectory modeling with HYSPLIT indeed revealed that such winds occur during the
monsoon season, but at higher altitudes (see Fig. S5). While the air masses arriving at 300 m above the
Salalah plain mostly come from the southwest, those arriving at 1500 m have more variable sources,
but many pass over the interior of the Arabian Peninsula. We hence assume that they deliver gypsum
and/or anhydrite dust, which then settles into the top of the trapped cloud layer, where it can be

incorporated by droplets (see also Schemenauer and Cereceda, 1992).
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To examine whether this mechanism can explain the Ca?* and SO excesses simultaneously, we
harness the corresponding scatter plot (Fig. 3e). The Ca?* excess with respect to gypsum
demonstrates that the ions do not balance each other out. Hence, an additional Ca?*source is required,
apart from gypsum and/or anhydrite. Given that much of the study area is dominated by limestones
of the Umm Er Radhuma formation (Paleocene to Eocene; see Section 2, Fig. 1), calcite dust is deemed
a likely additional Ca%* source. Due to the neutralizing capacity of calcite dust, this conclusion is also in

line with the comparatively high pH values mentioned above.

Due to this lithogenic SO and Ca?* contribution by gypsum and limestone, we disagree with
Schemenauer and Cereceda (1992). In their analysis of seven cloudwater samples from the area, they
suggested the Ca?" in precipitation of the Dhofar mountains to be largely of anthropogenic origin. They
apparently drew this conclusion based on high enrichment factors with respect to the Earth’s crust
(and seawater), which may be misleading when dealing with a limestone-dominated study area (see

also Yigiterhan et al., 2018).

5.2 Bulk deposition

Given the influence by sea spray, the depositional flux at the coastal Station 1 is dominated by Na* and
Cl- (Fig. 5). The contributions by Ca* and Mg?** are similar to each other, which is attributable to the

relative Mg?* abundance in seawater.

The total depositions exhibit a somewhat erratic pattern. Especially Station 4 stands out due to its high
fluxes. This phenomenon results from a combination of moderate ion concentrations and anomalously
high precipitation amounts (see Fig. 2), probably caused by the station’s rain-out prone location just
above the foot of the Dhofar mountains (at 330 m a.sl.). As a consequence, the Cl" deposition at Station
4 is about 2-3 times higher than at other inland stations, including Station 3, which is only 2.3 km away,

but at 93 m a.s.l..

Overall, these deposition rates, including those for CI, seem rather high. As noted above, direct
comparisons with other investigations are not straightforward because of differing study designs.
Nevertheless, it is noted that our highest ClI" deposition values during the monsoon are higher than
annual fluxes reported elsewhere (Table S2). In turn, our spatial variabilities in ClI" flux (factors of 5 and

7.5; see Section 4.2) are high, but not extreme (Table S2).

5.3 Limitations

Although our data and interpretations represent a significant extension of previous knowledge on the

bulk precipitation chemistry in southern Oman, we emphasize that our results are limited to the
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monsoon season (about 3 months). While this season plays an important role for the hydrology of the
area, our deposition values do not take into account solute contributions by non-monsoon
precipitation (studied by Miiller et al., 2020) and dry deposition during the rest of the year. Moreover,
we note that our findings for the two studied years differed somewhat (see Fig. 5), suggesting that

further monitoring is needed for a more comprehensive picture.

6. Conclusions and Outlook

Our study on the chemical composition of monsoon bulk precipitation along an elevation gradient from
the coast to the Dhofar mountains has revealed rather high solute concentrations and depositional
fluxes. Moreover, we found considerable temporal and spatial variability, with respect to ion

proportions and absolute concentrations.

This variability implies that a collection of opportunistic grab samples at a single site, as occasionally
encountered in the literature, is not advisable. Such an approach may yield data that are not
representative for larger coastal study areas and could hence impair subsequent hydrochemical
models and assessments. Salty coastal groundwater, for instance, may be thought to be entirely
caused by seawater intrusion, although local recharge can also contribute significant solute amounts.
Moreover, recharge estimations based on the Chloride Mass Balance approach may be affected by
ignoring spatial heterogeneities in precipitation chemistry (and amount). In our study, individual CI
concentrations cover orders of magnitude (4-4340 mg L) and precipitation-weighted means differ
greatly between stations, up to factors of 85 and 36 in the 2017 and 2018 monsoons, respectively.
Such a variability indicates that even this supposedly easy-to-obtain parameter of the Chloride Mass

Balance may not be straightforward to determine in coastal areas.

Our results indicate that the bulk precipitation chemistry is influenced by a complex interplay of several
factors. First, the availability of solutes, for example originating from sea spray and the local/regional
geology, plays a crucial role. Importantly, this availability is not only a question of distance to the
source, but wind directions (at different altitudes) and wind speed matter as well (see also Javed et al.,
2017). Second, precipitation amounts have to be considered. High amounts (e.g., triggered by local
topography) can cause a dilution effect, but efficient aerosol washout may also result in anomalously
high solute deposition. In the present study, this caused an erratic deposition pattern, i.e., fluxes did
not decrease steadily along the elevation gradient, as one may expect. This demonstrates that simple
interpolations and models, which work well on a large scale (e.g., Alcald and Custodio, 2008; Davies
and Crosbie, 2018; Junge and Werby, 1958), may not do so on smaller scales. While such predictions

hence remain challenging, they may be improved by considering local features such as the prevailing

geology.
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Our data do not only serve generally as a warning against unconsidered extrapolation of rain chemistry
in coastal settings, but could also provide reference data for studies in the region. Groundwater quality
assessments or serpentinization studies, for example, may benefit from data on the hydrochemistry of
infiltrating water (at different distances to the sea), to trace and predict effects of water-rock-
interaction. Moreover, groundwater recharge estimations using chloride mass balances may be
facilitated. Nevertheless, we note that there were differences between the monsoon seasons 2017
and 2018, which warrants further monitoring (possibly distinguishing between wet and dry

deposition).

With respect to rainwater harvesting efforts, the mostly low EC values obtained for the Dhofar
mountains stations are considered generally beneficial. However, if the gathered water is supposed to
be used as drinking water, the partly elevated PO4> and NH;* concentrations may be of concern. While
we ignored these values in the present study, because they probably represent artefacts (e.g., bird
droppings), these very contaminations may be practically relevant in a rainwater harvesting context,

warranting microbiological analyses.

Finally, we emphasize that the applied methodological framework, combining automatic bulk
precipitation sampling along elevation gradients from the coast to the hinterland and air mass back-
trajectory modeling, is transferable and can help to study atmospheric element cycling and deposition

in other regions.
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