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Abstract

Episodically, vast seas on Earth partly dried out, leaving deposits called “salt giants”. Recently,
in addition to well-documented accelerated level decline and salt precipitation, the Dead Sea has
suffered severe warming. The mechanisms underlying this warming and the formation of salt
giants remain unresolved. Here we propose a physical model of hypersaline waterbodies that
reproduces Dead Sea observations and projects extreme warming: within the next 200 years,
water temperatures will rise twice as much as anthropogenic air warming. Applied to the
Messinian Salinity Crisis, 5.5 Ma, our model reveals that a positive feedback between water
temperature increase and water level lowering drove massive Mediterranean Sea warming and
drawdown and best explains the accumulation of highly soluble minerals under temperate humid

conditions.
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Introduction

Salt giants are evaporite deposits on the scale of millions of cubic kilometers, formed
episodically throughout the Phanerozoic (Hay et al., 2006). The most recent example formed in
less than 100 kyr after isolation of the Mediterranean Sea from the Atlantic, during “Stage 2 of
the Messinian Salinity Crisis, 5.5 Ma (Krijgsman et al., 1999; Roveri et al., 2014), as the result of
a near-complete desiccation (Hsii et al., 1973) or partial drawdown (Christeleit et al., 2015;

Clauzon et al., 1996; Hardie & Lowenstein, 2004).

The environmental conditions required for salt-giant formation remain hotly debated. Many
evaporite deposits contain highly soluble salts such as magnesium and potassium chlorides,
which require brines with very low H>O activity (aw)—the measure of how much the chemical
potential of water in solution differs from pure water (aw = 1). In an evaporating hypersaline
brine, salinity increases and aw decreases, until evaporation ceases when ay falls below the
relative humidity of the overlying air (Kinsman, 1976; Zilberman et al., 2017), assuming equal
air and water temperatures (Oroud, 2019; Salhotra et al., 1985). For this reason, the presence of
these highly soluble minerals has been interpreted as evidence for extremely arid climates
(Chaboureau et al., 2012; Kinsman, 1976; Schreiber & El Tabakh, 2000; Warren, 2010).
Paleotemperature reconstructions further suggest brine temperatures well above 50 °C in many
evaporite deposits (Wang & Lowenstein, 2017), pointing to unusually hot settings. The apparent
scarcity of such hot-arid climate conditions has led some studies to invoke alternative, non-
evaporative drivers of salt-giant formation, e.g. hydrothermal processes (Chaboureau et al., 2012;

Debure et al., 2019; Hovland et al., 2006; Scribano et al., 2017; Wang & Lowenstein, 2017).

As the only deep lake saturated with respect to halite (Sirota et al., 2016), the Dead Sea (Fig. 1)
is a unique natural laboratory for studying the hypersaline waterbodies that formed salt giants
(Meiburg & Lensky, 2025). Since 1979, when the lake switched from meromixis to holomixis
(i.e. from permanently to seasonally stratified) and became saturated with respect to halite
(Steinhorn, 1983; Steinhorn et al., 1979), the Dead Sea has experienced extreme water warming.
In 2012-2015, the upper water layer—the epilimnion—had a mean annual temperature of

28.5 °C (Arnon et al., 2016), 1.8 °C higher than in 1980-1984 (Stanhill, 1990), a warming rate
comparable to that of the air (Fig. 2) and 60% higher than the regional lake surface water
warming rate (~0.35 °C/decade) (Tong et al., 2023). The temperature rise of the deep water
layer—the hypolimnion—is even more striking: from ~21.5 °C in 1979 to 24.3 °C in the 2010s
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(Fig. 2), an average rate 10 times that of deep lake waters worldwide (0.06 °C/decade) (Pilla et
al., 2020).

The causes of this rapid warming remain unresolved. Several studies estimated surface fluxes
and storage of heat in the Dead Sea (Lensky et al., 2005; Oroud, 2023; Stanhill, 1990, 1994) but
covered only short time intervals of the late 20" century and/or assumed stationary climate.
However, several key factors affecting heat fluxes have changed significantly since the 1970s:
lake level has dropped by ~40 m (Fig. S1), air temperature has increased by ~1.8 °C, relative
humidity peaked in the 1980s—1990s and has declined since, brine H>O activity has dropped by
~0.03 (Fig. S2), and the lake experienced two short returns to meromixis since 1979 following

exceptional floods.

One of the peculiarities of the Dead Sea heat budget is the large magnitude of diapycnal (i.e.
vertical) fluxes of heat from the epilimnion to the hypolimnion, due to enhancement by double-
diffusive (DD) salt fingering (Anati & Stiller, 1991; Arnon et al., 2016). DD salt fingering results
from the characteristic summer stratification of deep holomictic hypersaline lakes, whereby the
warm, salty epilimnion overlies the cooler, slightly fresher hypolimnion. As heat diffuses faster
than salt, sinking salt fingers lose buoyancy and continue downward, transporting heat and salt
across the interface (Radko, 2013). The consequence of these fluxes on the long-term

temperature evolution of the Dead Sea have not been investigated.

To investigate Dead Sea warming and its implications for understanding salt giant genesis, we
constructed a thermal model of deep hypersaline lakes (see Materials and Methods). This model
employs a physically-based framework to quantify air-water interface heat fluxes and diapycnal
heat transport. The model simulates lake water temperature and level by solving a system of
ordinary differential equations, either for two distinct water layers during holomictic stratified
seasons and meromictic periods, or for a single mixed layer during holomictic mixing seasons.
Heat fluxes across the air—water interface are computed from surface water properties and
interpolated monthly climatic timeseries. Diapycnal heat fluxes are modeled as an effective
diffusion process with separate diffusivity terms for turbulence (mainly related to mixing by
wave action) and double diffusion. We calibrated both terms using monthly-resolved epilimnion
and hypolimnion temperature observations in the Dead Sea from a limited period, 2012-2015
(Fig. S3), less than 10% of the length of the model validation period 1979-2019. Lake level

change is computed from evaporation and inflow rates. The surface area and volume of each
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water layer vary over time and are derived from lake level, bathymetry, and a fixed thermocline
depth (Fig. S1). Our model reveals that holomictic hypersaline waterbodies under water deficit
experience warming and shrinkage in a positive feedback loop, amplifying water level drop and

precipitation of highly soluble minerals even under conditions of elevated relative humidity.

Results and Discussion

Model validation: the Dead Sea, 1979-2019

To evaluate model performance, we ran a baseline simulation of the Dead Sea from 1979 to 2019
using monitored climate and surface water density timeseries (see Materials and Methods). In
this simulation and in the following sensitivity simulations, lake level is prescribed using

observations (Fig. S1).

Simulated epilimnion and hypolimnion temperatures are in excellent agreement with
observations. Statistical measures yield little bias and deviation between model and data, and
simulated warming between the 20" century meromictic Dead Sea and the 2010s, 1.6 °C for the
epilimnion and 2.8 °C for the hypolimnion, are in line with observations (Fig. 3). Moreover, the
model accurately captures the contrasting dynamical responses of epilimnetic and hypolimnetic
temperatures, which exhibit sinusoidal and sawtooth patterns respectively during holomixis and
amplified and muted thermal variability respectively during meromixis (Figs 3, S3). As a side
product, the model predicts annual overturn dates, which average December 13 (range: Nov 20—
Dec 27), consistent with observations (Fig. S4). Modeled net air—water heat flux also agrees

closely with observations (Fig. S5).

Interestingly, the ratio of the calibrated DD heat diffusivity to molecular heat diffusivity is 33,
which is commensurate with the heat flux ratio ~30 obtained by Navier-Stokes numerical

experiments reproducing the summer holomictic Dead Sea (Ouillon et al., 2019).

Overall, the strong agreement with observations over a validation period more than 10 times
longer than calibration period, supports model reliability and justifies its application in

sensitivity and scenario simulations.

Combined impact of lake level and air temperature

To assess the total impact of recent air warming and lake level decline, we ran a sensitivity

simulation with no air warming and no lake level decline. Compared to the baseline, two changes



were made: (i) air temperature was held constant at the 1950—1978 average annual cycle and (i)
lake level was fixed at -400.3 m asl (1979 level), hence constant H>O activity (0.674) and

suppressed DD heat flux (due to stable epilimnion salinity during stratified season).

Epilimnion temperature (Fig. 3A) remains stable around an annual mean of 26.3 °C, close to the
20" century surface water temperature under meromixis (26.5 °C). Seasonal extremes remain
stable around 21.5-33 °C. By 20102019, the epilimnion is up to 2.8 °C cooler than in the

baseline simulation, particularly in winter.

Hypolimnion temperature (Fig. 3B) stays within the 21.5-22 °C range, close to 20™ century deep
water temperature under meromixis (21.5 °C). We attribute the 0.5 °C decrease from the 1980s

to the 2010s to the decrease in relative humidity (Fig. S2), which enhances evaporative cooling.

The temperature stability of both water layers in this sensitivity simulation confirms that air
warming and lake level decline are the drivers of observed temperature increases. It also means

the 1979 transition to holomixis alone did not significantly alter the lake’s thermal equilibrium.

Separate impacts of lake level and air temperature

To isolate the respective contributions of air warming and lake level decline, we conducted two
additional sensitivity simulations. Compared to the baseline, the only change is that either air
temperature was held constant at the 1950-1978 average annual cycle, or lake level was fixed at

the 1979 value.

In the simulation with fixed air temperature annual cycle, by the 2010s mean epilimnion
temperature is 26.8 °C (Fig. 3A) and mean hypolimnion temperature is 23 °C (Fig. 3B).
Comparison with the baseline simulation reveals that, by the 2010s, air warming contributed 1.3
°C to both epilimnion and hypolimnion warmings. Comparison with the simulation with no air
warming and no lake level decline reveals that, by the 2010s, lake level decline contributed 0.5
°C to epilimnion warming and 1.5 °C to hypolimnion warming. These values are confirmed by

the simulation with fixed lake level only (not shown).

We first explore the mechanism by which lake level decline induces water warming in
holomictic conditions. For the hypolimnion, two main processes are involved. (i) During the
winter mixed season, lower H>O activity limits evaporative cooling. (ii) During the stratified
season, increased salinity difference and volume ratio between the epilimnion and hypolimnion

amplify diapycnal fluxes. For the epilimnion, in the stratified season lake level decline induces
6



water cooling due to diapycnal fluxes, but this is more than offset by the warming effect of lake
level decline on the mixed waterbody in winter: the annual average impact of lake level decline

on surface water temperature is therefore positive.

We now consider the impact of air warming on water temperature. For +1.8 °C of air warming
on annual average, our sensitivity simulations reveal a warming of 1.3 °C in each water layer,
hence a warming rate of 0.72 °C per 1 °C of air warming. This epilimnetic response aligns with
the global lake averages (Tong et al., 2023). Conversely, this hypolimnetic response contrasts
with the more complex, more indirect, and much weaker deep water—atmosphere coupling in
deep freshwater lakes (Livingstone, 1993; Pilla et al., 2020), as best illustrated by the absence of
recent hypolimnion warming in lake Kinneret (Rimmer et al., 2011), a deep warm holomictic

freshwater lake close to the Dead Sea.

Two processes can explain the strong hypolimnion response to air warming in the Dead Sea.
First, compared to other lakes, diapycnal flux during the stratified period is enhanced by double
diffusion. This process transfers heat from the epilimnion to the hypolimnion and thereby
enhances the deep water—atmosphere connection. Second and most importantly, we suggest the
long mixed period (3—4 months), with strong convection due to the large positive water—air
temperature difference that supports surface cooling (Anati & Stiller, 1991), provides a strong
deep water—atmosphere connection. The results of our simulations in which only the temperature
of the air of one month is fixed (supplementary text) show that ~90% of air warming-driven
hypolimnion warming occurs between November and March, thus confirming the importance of

the winter mixed period in the deep water—atmosphere connection.

Given ongoing lake level decline and air warming, and the amplified lake temperature response
to these changes as demonstrated by our simulations, the question arises: how will the Dead Sea

evolve in the coming centuries?

Projected Dead Sea warming and shrinkage

To estimate the future evolution of the Dead Sea, we ran a projection simulation from 2019 to
2600, accounting for both greenhouse gas-driven air warming and anthropogenic lake level
decline. Compared to the baseline simulation, we implemented the following changes: (i) air
temperature increased with the current local anthropogenic warming rate of +0.045 °C yr™!

capped at +10 °C to simulate high-emission scenario SSP3 7.0 of the IPCC (IPCC, 2021); (ii)



relative humidity, wind speed and insolation were held constant at their 1950—1978 average
annual cycle; and (ii1) H2O activity was dynamically computed based on a published relationship

with lake level (Zilberman et al., 2017).

According to the projection simulation, the lake will undergo massive, water-column-wide
warming. Both epilimnion and hypolimnion temperatures will rise at nearly double the rate of air
temperature until 2200, and continue rising after 2200 despite the end of anthropogenic air
warming (Fig. 4A). By 2600, epilimnion and hypolimnion will oscillate annually in the ranges
40.5-54 °C and 40.5-42.5 °C, respectively. The surface water—air temperature difference will
reach a maximum in January (+13 °C) and a minimum in May (+7 °C). This excess water
warming relative to the air primarily owes to the reduction of evaporative cooling linked to the
decrease in H>O activity. This strong warming effect of reduced H>O activity is further supported
by observations in the hypersaline ponds surrounding the Dead Sea. There, a clear H>O activity—
water temperature inverse relationship is observed, and summer water temperatures in the range
~40-50 °C have been measured in the most concentrated brines (~6—16 °C above mean

temperature of the warmest month) (Oroud, 1995) (Fig. S8).

Still according to the projection simulation, the lake level drop will considerably exceed previous
estimates. The lake level will reach -517 m asl when H>O activity equals relative humidity
(~0.41), which is in close agreement with previously estimated equilibrium lake level under no
inflow and no potash production assumptions (Krumgalz et al., 2000; Zilberman et al., 2017).
However, in our projection the lake will keep declining thereafter until equilibrium is reached
around 2600 with a level of -580 m asl and H>O activity of 0.26. This lower equilibrium level
stems from our model accounting for water and air temperatures in the calculation of
evaporation. As water—air vapor pressure difference increases exponentially with water—air
temperature difference, evaporation continues even when H>O activity is below ambient relative
humidity. This effect is maximal right after the overturn, in December—January, when the surface

water—air temperature difference peaks due to the large thermal inertia of the mixed waterbody.

This “temperature effect” highlights a hitherto unidentified positive feedback loop of brine
warming and shrinkage: water warming induces more evaporation, which decreases H2O
activity, thereby reducing evaporative cooling and leading to more water warming. In deep brine
bodies, this positive feedback loop is further amplified by diapycnal fluxes, which store all the

more heat in the hypolimnion as summer evaporation rate is high.
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As the temperature effect allows substantially faster and more extensive waterbody shrinkage,
these results raise a broader question: did similar thermal-evaporative feedbacks occur in ancient
hypersaline systems that formed large evaporite deposits? And to what extent does lapse rate

amplify water warming in the case of kilometric water level drops?
Warming and shrinkage of isolated seas

Building on the findings from the Dead Sea, we applied our modeling approach to simulate Stage
2 of the Messinian Salinity Crisis in the eastern Mediterranean. The simulation began with a
brine-filled basin at —400 m asl, just below the depth of the Strait of Sicily, and used a basin
hypsometry derived from our digital elevation model of the eastern Mediterranean basin (Fig.
S1). The brine composition started at halite saturation, following recent findings that the brine
was close to halite saturation just before Stage 2 (Bigi et al., 2022). Composition then evolved
with water volume, as dictated by our chemical equilibrium simulation of Messinian seawater
evaporation (see Materials and Methods). Air temperature followed the Dead Sea’s 1950—1978
annual cycle, adjusted based on lapse rate. Surface air pressure was adjusted to water level using
a hydrostatic correction (Minzner et al., 1959). Latitude (34 °N), relative humidity (65%), wind
speed (6 m s7'), and clearness index (60%) were held constant at modern values. The simulation
was run for 9000 years under holomictic conditions. The simulation is not intended as a detailed
reconstruction, given some important simplifications and uncertainties: uncertain initial salinity,
lack of basin compartmentalization, absence of inflow, and use of modern climate and
hypsometry. Instead, it tests whether the same thermal-evaporative feedbacks at play in the Dead

Sea could operate in a larger basin and over longer timescales.

According to the simulation, the eastern Mediterranean Sea underwent a ~20 °C warming during
Stage 2, which is comparable to the projected Dead Sea warming (Fig. 4B). This massive
warming occurred despite the absence of anthropogenic air warming, and is coeval with a 14 °C
lapse rate-driven air warming. During the first 1500 years of drawdown, water warming closely
followed air warming. After that, as the drop of the H>O activity of the brine accelerated, water
temperatures rose faster than air temperature. After ~8,000 years, epilimnion and hypolimnion
reached an equilibrium, oscillating annually in the ranges 41-54 °C and 41-41.5 °C,
respectively. The surface water—air temperature difference reached a maximum in January (+9

°C) and a minimum in May (+5 °C).
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Still according to the simulation, the eastern Mediterranean Sea dropped by 2500 m during Stage
2, reaching equilibrium at ~-2900 m asl and H>O activity 0.47 after ~8000 yr. As projected for
the Dead Sea, the simulated contribution of winter evaporation to the water level drop increased
throughout the drawdown, and, due to the temperature effect, water level kept declining when
H>O activity became lower than relative humidity—in this case by an additional ~600 m. The
simulated level drop is somewhat larger than the recently reconstructed ~2 km level drop based
on geochemical evidence from the far eastern part of the basin (Aloisi et al., 2024), probably due
to the simulation simplifications and uncertainties mentioned earlier. The simulated drawdown
duration is in line with previous modeling- (Meijer & Krijgsman, 2005) and observation-based

(Manzi et al., 2012) estimates for Stage 2.

Crucially, saturation levels of potassium and magnesium salts were all reached in the simulation
at H2O activities lower than relative humidity. Our results thus demonstrate that the observed
occurrence of these highly soluble salts in the Messinian sedimentary record (Lugli et al., 1999;
Manzi et al., 2012) is compatible with modern Mediterranean conditions of air temperature and

relative humidity.

Our model provides a physical explanation for the extremely high brine paleotemperatures and
low brine H>O activity reconstructed from numerous ancient evaporite deposits. It shows that,
once disconnected from the ocean, vast hypersaline seas can warm by several tens of degrees
through lapse rate-driven air warming, reduced evaporative cooling, and enhanced diapycnal
heat flux. This warming amplifies evaporation, accelerating and deepening water level decline,
and enables the precipitation of highly soluble salt that would otherwise remain undersaturated

under temperate—humid conditions.

As emerging paleothermometry techniques now allow accurate reconstructions of brine
temperatures from halite fluid inclusions (Arnuk et al., 2024; Brall et al., 2022; Guillerm et al.,
2020, 2025; Olson et al., 2023), our model predictions can be directly tested, with an expected

upsection increase in paleobrine temperature.
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Fig. 1. Contour map of the Dead Sea. Elevation of the lake in 1985 (-403.5 m asl) and in
2024 (~-440 m asl) shown as brown lines. Monitoring stations mentioned in the text: MS
31°233°N, 35°251’E, -430 m asl; EG100 31°257°N, 35°262°E; EG320 31°342°N, 35°311’E.
Inset shows Levant region in the eastern Mediterranean; black rectangle encloses the Dead Sea

map.
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Materials and Methods).
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Fig. 3. Epilimnion (A) and hypolimnion (B) temperatures of the Dead Sea in the baseline
simulation, in the sensitivity simulations and as measured at monitoring stations.
Epilimnion and hypolimnion temperature measurements are from water depth 7—15 m and > 50
m, respectively. Data source: (see Materials and Methods). Agreement between baseline
simulation and measurements is indicated by mean bias (A), average absolute deviation (AAD)
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Fig. 4. Extreme warming and water level decline as simulated for the future Dead Sea and

Messinian eastern Mediterranean Sea. (A) Lake level and water temperature in the Dead Sea

projection (2019-2600) and baseline (1979-2019) simulations. Input air temperature increases
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with anthropogenic air warming (+0.045 °C yr'! capped at +10 °C) and lapse rate (-5.8 °C km™).
(B) Water level and water temperature in the Messinian eastern Mediterranean Sea simulation.
Input air temperature increases with lapse rate (-5.8 °C km™). In the eastern Mediterranean map,
elevation contours (white numbers, in km asl, with 0.1 km asl spacing) are shown up to -0.4 km
asl, which is the simulation’s initial water level. Blue surfaces at -2895 m asl show extent of the
residual waterbody at end of simulation. (A,B) H>O activity (aw), major minerals of the
evaporation sequence, and water level drop rate (insets) are shown at several simulation times to
illustrate the evolution of the evaporation process. “Temperature effect” arrow indicates the

amount of water level decline that occurred after aw became smaller than relative humidity.
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Materials and Methods

The model setup is illustrated in Fig. S6, including seasonal average values of model output heat

fluxes. Detailed equations, parameters and values of constants are given in Tables S1,2.
Model differential equations

The model has three modes: holomictic stratified season, holomictic mixed season and

meromictic.

In holomictic stratified season mode, the model calculates the temperature of the epilimnion (7%)
and hypolimnion (71) by solving, with Mathematica’s function NDSolve, the coupled ordinary

differential equations

% _ Abps Jsurf ~ An JD,T
dt Ve Cpw

(Equation 1)

and

dTh _ AnJpT

& Ve o’ (Equation 2)

Jsurt 18 the net heat flux at the air-water interface; Jp r is the diffusive heat flux from the
epilimnion to the hypolimnion; Ve and V4 are the volume of the epilimnion and hypolimnion,
respectively; Aps and A4y, are the area of the Dead Sea surface and of the thermocline,
respectively; Cp.w 1s the heat capacity of Dead Sea brine; and ¢ is time. Egs. 1,2 are solved from
the onset of stratification, set to March 15, until the overturn, which is taken to occur when the

modeled temperatures of the two water layers become equal.

In holomictic mixed season mode, the model calculates the temperature of the mixed Dead Sea

(Tps) by solving the ordinary differential equation

dTps — Aps Jsurf (Equation 3)
dt Vps Cp,W,

where Vps is the volume of the Dead Sea. Eq. 3 is solved from the overturn until March 15.

In meromictic mode, the model solves Eqgs. 1,2 as in the holomictic stratified season mode. The

difference is in the way Jp 1 is calculated: see below.

In the baseline and sensitivity simulations, the meromictic mode was prescribed for two periods,

November 1, 1979-March 15, 1982 and January 15, 1992—March 15, 1996, based on observed
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surface water density and lake level. The waterbody is assumed constantly holomictic in the

Dead Sea projection and Mediterranean simulations.

In the case of the Dead Sea projection and eastern Mediterranean simulations one additional
variable is solved: water level. The time derivative of water level is set equal to the opposite of

the evaporation rate, thus assuming no inflow nor brine pumping.
Diffusive diapycnal heat fluxes

The model accounts for the diapycnal exchanges of heat between the epilimnion and the

hypolimnion at the thermocline through Fourier’s law

Jor = Cpw K 52, (Equation 4)
’ ’ hT

with /4t the thickness of the thermocline and Kt the effective thermal diffusivity at the
thermocline. KT encompasses several processes of diapycnal thermal exchange: molecular
diffusivity, turbulent mixing (mainly due to surface and internal waves) and double diffusion.
The use of Fourier’s law assumes a linear dependence of all these processes on the temperature
gradient at the thermocline. Theory suggests instead a 4/3 power dependence of DD fingering on
the salinity gradient (Turner, 1967), however in practice interfaces between layers are thicker
than predicted, hampering the use of the 4/3 power law (Kunze, 2003). Fourier’s law with
calibrated effective diffusivity has proved a reliable alternative way to model diapycnal

exchanges (Inoue et al., 2007; Merryfield et al., 1999; Zhang et al., 1998).

In meromictic mode, the strong stratification restricts vertical exchanges to molecular diffusion;
in Eq. 4 we set AT = 10 m and K1 = «1, the molecular diffusivity of heat in pure water. In
holomictic mixed season mode, based on 9 cm-resolution temperature profiles from the Dead Sea
(Arnon et al., 2016), we set the value of 4t at 20 m at the onset of stratification, linearly
decreasing until September 1% down to 1 m, and staying at 1 m until the overturn. Various
expressions have been developed for Kt and are reviewed in (Ashin et al., 2022). Here we use

the expression of Schmitt (Schmitt, 1981) as it is limited to two calibration parameters:

Ky = KT,turbulence + W- (Equation 5)

Rpc
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The first and second right-hand-side terms of Eq. 5 account for turbulent diffusion and double
diffusion, respectively. Our calibration of KT twbulence and Kt,pp is described in Model calibration.

The density ratio is expressed as

R — _ﬁT (Te_Th)

P = s ot (Equation 6)

with St and fs the expansivity coefficients for temperature and salinity, respectively, and S. and
Sh the salinity of the epilimnion and hypolimnion, respectively. Double diffusion is active in the
Dead Sea for R, <2 (Arnon et al., 2016), so we set a cutoff value R, = 2; using power n = 32
allows a sharp transition whereby the double diffusive term becomes insignificant for R, > R,.c.

Moreover, we set R, > 1 because stratification becomes unstable below this value.
Epilimnion—hypolimnion salinity difference

Since salinity is not directly simulated by our model, we inferred the salinity difference (Se - Sh)
for each year in the baseline and sensitivity simulations based on water deficit during the

stratified season, itself estimated from lake level change, as follows:

(1)  We calculated the stratified season lake level changes using linearly interpolated
lake level data (Israel Hydrological Service, 2020).

(i) We attributed 70% of lake level drop to water deficit, assuming the remaining
30% results from brine extraction for potash production (see discussion in (Arnon et al.,
2016)).

(ii1)) We normalized this water deficit-related lake level change to the average lake
level drop of the three reference years 2012-2014.

(iv) Using monthly salinity data from these reference years (Arnon et al., 2016), we
derived a reference annual salinity difference cycle (Se - Sh)rer (Fig. S3).

(v)  We scaled (Se - Sh)ret by the normalized lake level change to obtain the annual (S,
- Sh) cycle.

In the Dead Sea projection and eastern Mediterranean simulations, (S. - Sh) is calculated the
same way, except that water deficit-related water level changes are directly derived from

modeled water levels.
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We chose to express (Se - Sn) as a linear function of lake level change, rather than of epilimnion
volume change, for the sake of simplicity. This simplification has little impact on the results,

given the little variation of area from top to base of epilimnion in the studied cases.

Note that our approach is a simplification, as (Se - Sh) may be influenced by variations in brine
pumping, halite precipitation and diapycnal salt fluxes. We expect however this approach to
quantify reliably the amplitude of the annual cycles of (Se - Sh), especially in the Dead Sea
projection and eastern Mediterranean simulations in which industrial brine pumping is absent,
because the rise from annual minimum to maximum of (Se - Sh) occurs from the onset of
stratification to peak summer when diapycnal heat flux and epilimnetic halite precipitation are

negligible.

Surface heat fluxes

The net heat flux at the air-water interface is expressed
Jsut=Jr - JL - Js. (Equation 7)

The three right-hand-side terms of Eq. 7 are the net radiative, latent and sensible heat fluxes,
respectively. We do not account for heat fluxes from inflow, lake floor and halite precipitation as
they are negligible (Lensky et al., 2005; Stanhill, 1990). The net radiative heat flux decomposes

to
JR = IR 50l T JRa - Jr,w, (Equation 8)

where the three right-hand-side terms are insolation (shortwave radiation) penetrating water,
downwelling longwave radiation penetrating water, and upwelling longwave radiation emitted

by water, respectively.
Surface water temperature (Ts)

The temperature 75 of the surface water controls the fluxes of latent heat, sensible heat and
upwelling longwave radiation. 7s may differ from the bulk epilimnion temperature 7. (during
stratified season and meromixis) or from the bulk lake temperature 7ps (during mixing season)
due to the formation at the top of the water column of a pluri-metric warm layer during the day
and of a sub-millimetric cool layer called “sea skin” (Fairall et al., 1996; Nehorai et al., 2013).
No synchronous measurements of surface and bulk temperatures in the Dead Sea are available.

Instead, to estimate the difference between T and T¢, or between Ts and Tps, we first calculated
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average monthly values of 75 from a timeseries of monthly-resolved measurements obtained at
EG100 between April 2015 and March 2017 (Hamdani et al., 2018). Then, for each month, we
calculated the difference between these average monthly values of 75 and measurements of water
temperature at 10 m depth obtained during between March 2012 and November 2014 near
EG100 (Arnon et al., 2016). The resulting 32 values of temperature difference yield an average
of -0.7 °C, so we define Ts = T¢ - 0.7 K (stratified season and meromixis) and 75 = Tps - 0.7 K

(mixing season).
H>O activity
Computing of surface brine H>O activity (aw) differed between simulations.

For the baseline simulation, we calculated aw from surface brine density data (see Input data)
using a H>O activity—density relationship based on chemical equilibria. We calculated this
relationship with PhreeqC v.3 (Parkhurst & Appelo, 2013) by modeling the dilution and
evaporation paths of a starting brine with 1978 Dead Sea composition (Beyth, 1980): 1.95 mol
Na*, 0.22 mol K7, 2.03 mol Mg?", 0.48 mol Ca", 7.10 mol CI", 0.07 mol Br,, and 1 kg H-O.
Mineral phases in equilibrium were halite and carnallite. The dilution path added up to ~20-fold
water in 0.02 kg increments, while the evaporation path removed up to 50% water in 0.001 kg
increments. We fitted a third-order polynomial of H,O activity as a function of brine density to
the simulated dataset (R2 = 0.99999; MSE = 2.36 10”7; Max error of fit: 0.5%; range of validity:
1000-1300 kg m™):

a,, = 3.66242 — 9.24506 10~3p,, + 1.10907 10~5p,,2 — 4.51029 10~%p,,3.  (Equation 8)

For the eastern Mediterranean simulation, to obtain a relationship between aw and relative water
volume, we modeled with PhreeqC v.3 the evaporation path at 25 °C of a brine with composition
of Messinian seawater (Brennan et al., 2013) (0.486 mol Na*, 0.011 mol K, 0.048 mol Mg*",
0.012 mol Ca**, 0.565 mol CI-, 0.026 mol SO4> and 1 kg H>O). Mineral phases in equilibrium
were calcite, aragonite, gypsum, halite, epsomite, kainite, carnallite, bischofite, sylvite and
kieserite. Evaporation was simulated by removing water in 0.001 kg increments up to halite
saturation and then in 0.0001 kg increments until 99.99% of the water was removed. Relative
water volume at each evaporation step was defined by dividing water volume by the water
volume at the step when halite first precipitated. The aw—relative water volume relationship was

obtained by linear interpolation.
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In all PhreeqC simulations, the pitzer.dat database was used, charge balance was accommodated
by CI', simulation temperature and pressure were 25 °C and 1 atm. Mineral phases in equilibrium
precipitated when supersaturated; they dissolved if undersaturated and until total consumption of

the stock previously accumulated via precipitation.
Model calibration

We calibrated Kt wurbulence and Kt,pp by comparing modeled epilimnion and hypolimnion
temperatures with monthly monitoring data from 2012-2015 (Arnon et al., 2016) (Fig. S3). First,
we ran 400 simulations covering all 400 combinations of the two parameters from 0.5 10 m? 5!
to 10 10° m? s in 0.5 10° m? s”! increments. We then computed the RMSE for both water layers
and identified the best-performing combination. Next, we refined the search by testing values
within £1 10 m? s™! of the initial minimum-RMSE pair, at 0.1 10 m? s”! steps. The final

parameter set minimized the mean RMSE across both layers.
Input data
Unless stated otherwise, we describe here the input data of the baseline simulation.

Surface water density

We compiled surface water density at 25 °C from offshore station EG320 using three data
sources covering 1980—-1987 and 2000-2019 (2021), 1991-1993 (1993), and 1998-2000 (2002).

Gap-filling methods differed between holomictic and meromictic periods.

During holomictic periods, observed surface water density follows a consistent seasonal
pattern—rising by 2—3 kg m~ from spring to summer, then decreasing similarly in fall and
winter—superimposed on a longer-term upward trend due to evaporative concentration. To fill

gaps, we:

o Estimated the seasonal amplitude based on the average amplitude from years

bordering each gap.

o Interpolated the annual mean using linear regression between the surrounding

years.
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During meromictic periods, the surface layer becomes significantly diluted and seasonal patterns
are irregular. For these periods, we applied simple linear interpolation between available data

points.

Surface air pressure

We used the average monthly surface air pressure data of 1992—2000 measured at offshore station
EG100 (2003) which we adjusted for lake surface elevation following the hydrostatic relation of
the ARDC standard atmosphere (Minzner et al., 1959).

Reanalysis data

We used ERAS5-Land reanalysis data (Mufoz Sabater, 2019), from Copernicus Climate Data
Store (Copernicus Climate Change Service (C3S), 2022), for the period 1950-2023 at 31.5°N,
35.5°E, including:

o 2m air temperature and dewpoint temperature,
o 10 m zonal and meridional components of wind speed
o Surface net solar radiation

We computed:

o Lapse rate-corrected 2 m air temperature by applying a lapse rate -0.0058 ° m’!

based on the difference of lake level from the 20052013 average

o 10 m wind speed u10 as the vector magnitude combining the zonal and meridional
components
o 2 m relative humidity from air temperature and dewpoint using Sonntag’s

formulation (1990) and IAPWS95 for saturation vapor pressure (Wagner & Prul3, 2002).
Local observations
We used local station data from offshore site EG100 for 2005-2013:
o 3 m wind speed and surface insolation from (Kishcha et al., 2018),

o and 3 m relative humidity and air temperature from IOLR (IOLR, 2021), digitized

from plots with unknown time resolution.
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To create monthly means from IOLR data, we linearly interpolated digitized points before

averaging.
Vertical adjustment of wind speed and relative humidity

To adjust local data to 10 m height—the elevation needed in the equations for sensible and latent

heat fluxes—we applied:

o Wind speed adjustment: Wind speeds were adjusted using empirical oceanic
factors (S. D. Smith, 1988), based on the difference in virtual potential temperature
between the saturated surface and air at 10 m. We interpolated tabulated values to create a
continuous function for heights between 2—10 m, wind speed between 2—-16 m s™!, and

virtual potential temperature difference between -10—10°C.

o Relative humidity adjustment: We used the logarithmic humidity profile for a

smooth surface (Brutsaert, 1982):

z
E log—
10
qio __ Azt

a(Equation S1)

dz z

where g10 and g are the specific humidity (kg/kg) at height 10 m and z, respectively, E is the
evaporation rate (kg m~ s!), k = 0.41, pa is air density (kg m™) and u~ is friction velocity (m s™),

calculated as (2015):
us=(0.17 - 0.019 110 + 0.0042 110> - 0.000084 110°) #(Rp) (Equation S2)

Stability correction factor #(Rp) (2015) and bulk Richardson number R, (Jiménez et al., 2012) are

calculated as:

(1 — 60 R,)°Y, Ry, <

0
Equation S3
(1+ 60 Ry)-02 R, > o duations3)

h(Rb) = {

Ry, = (6v10=0vo) 9 10 (Equation S4)

(Tg+0.1) uqp2 °

with 7, the temperature of the air and g gravitational acceleration. The virtual potential

temperature at height z is (American Meteorological Society, 2024):

2/7
Oy, =T, (?) (1+0.61q,) (Equation S5)
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where T is the temperature at height z, Py is surface air pressure and P, is air pressure at height z.
The adjusted humidity ratio (Eq. S1) was then used to convert relative humidity from height z to
10 m.

Iterative adjustment procedure

Because evaporation rate and surface water temperature (needed for Eqs. S1-S5) are model

outputs, we used an iterative approach:

1. Initial calibration simulation (2012—2015) and baseline simulation (1979-2019)

used guessed estimates for evaporation and temperature to calculate wind and humidity at

10 m.

2. Model outputs were fed back into the equations to recalculate 10 m wind and
humidity.

3. ERAS data were adjusted using monthly correction factors, one per month per

variable, such that 2005-2013 monthly means matched EG100 observations.
For relative humidity, ERAS values at 2 m were adjusted directly to 10 m.

We repeated steps 1-3 for seven iterations until the surface temperature converged within

0.01 °C. Results are shown in Fig. S2.
Water temperature data

Epilimnion and hypolimnion temperature measurements used in the model data comparison are
from water depth 7-15 m (Anati & Stiller, 1991; Arnon et al., 2016; Beyth et al., 1998; 1996,
1998, 2000, 2001; Stiller et al., 2018) and > 50 m (Anati & Stiller, 1991; Arnon et al., 2016;
Gertman et al., 2010; Stiller et al., 2018), respectively.

For water temperature shown in Fig. 2, in order to show hypolimnion temperatures until 2020,
we used data that we digitized from (IOLR, 2021), except datapoints older than 1979 that we
took from (Neev & Emery, 1967; Nissenbaum, 1969; Steinhorn et al., 1979).
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Supplementary Text

To better understand why the Dead Sea’s hypolimnion temperature response to air warming is
considerably larger than the worldwide lake average, we ran 12 sensitivity simulations—one for
each month—using baseline input but fixing that month’s air temperature at its 1950-1978
average. We then calculated the average 20102019 temperature difference of each simulation
with the baseline (Fig. S7). For the epilimnion, the temperature difference is similar around -0.1
°C in all 12 cases. Conversely, for the hypolimnion, the temperature difference is large around -
0.3 °C in simulations with fixed winter month air temperature, while near-zero in simulations
with fixed summer month air temperature. This highlights the dominant and strong influence of
winter air temperature on hypolimnion warming, which is driven by the unique mixing dynamics

of the Dead Sea.
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Fig. S1. Water level and hypsometry used in the model for the Dead Sea (A—C) and the
eastern Mediterranean Sea (D,E). (A) Dead Sea lake level curve from (Israel Hydrological
Service, 2020). (B) Dead Sea area—lake level relationship from (Guillerm et al., 2023) between -
730 m asl and -420 m asl and from (Ben Dor et al., 2021) above -400 m asl. Datapoint at -402.5
m asl determined from intersection of the two linear interpolations. (C) Dead Sea Volume—Level
relationship calculated by integration of the Area—Level relationship. (D) Eastern Mediterranean
Sea Area—level relationship, calculated in this study using a digital elevation model with 40 km

spatial resolution. The Strait of Sicily connecting eastern and western Mediterranean basins is
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located slightly above -400 m asl in our digital elevation model. (E) Eastern Mediterranean Sea

Volume-Level relationship calculated by integration of the Area—Level relationship.

40



Air temperature (°C)

Relative humidity

Insolation at surface (W/m?)

HoO activity of surface brine

Wind speed (m/s)

35

30

25

20

15

o
3

300 jjr

250

200

150

100

0.8

0.7

35

I ' [ : ° ]
I [ ° ]
| UL =~ B HE
N i TN ASHLAATHS ° [ e ]
J-n LML M n--lnu" 1] " dn i = r U 1
WITTTNTTLHIN e N R AN 44T [T HYMT o o o5l .
‘!':,l TNTAL LA Y e 2 t ° R
n 1 g r | | ]
[ = [ L4 °
< L _
g 201 ° ® ®m @ Dead Seastation EG100 .
L ] ‘m " B ERA5-Land reanalysis 1
b b T 15
[ [ [ ] ] [ ] ) ]
L e ©
° i
L | r [ [} L]
I | L [ ] o © e o 4 |
w2l _
aahateos sk acedan e b v (I
= i
— — [}
g | i
I 1 8 | ]
i 1 2
L 4 ;2_ —
L — 5 a = m N 1
T INETLLT e LY R g g - . . -
‘| |.‘1‘ il R !.rl i 'm g = -
I AT L0 I el S L B 0
T T T T T T T T T T T T T T T T T T T 17T i =
b P F 1
k 1 I .
_ [ [ ]
” l““\ ‘ -%0-5— - . 1
L f"] lu‘ ‘ % ! . 0 1
| 2 "aom ]
2
E L 4
&
L o i
04k ® o ® e
° O °
| o ° [ J .7
T T T T 380 .
1 : e = ]
. [ [ | ° ]
NESOO_— ° ° -]
= ¥ u 1
@ 3 ° 4
_‘ A N ply 4 M LA 1N 414 [ 1 o L ] ] o g [ Lop ot I 52505 ’ |
"N ,-a-\:‘-vl..,‘.‘-n.ﬂ.\.‘ vy : 2 r = 1
[ = H y
5 200: = ]
o L 4
[ ° [ ) ]
[ 2 150 I
[ . ]
[ ] [e® 5]
ol b b b bbb b b b e ey 100- ]
P LA LA s ey Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1980 1985 1990

1995 2000 2005 2010 2015

Year

41



Fig. S2. Timeseries used in the baseline simulation. (A,C,E,G), ERA5-Land reanalysis data
(black thin line) and calibrated input timeseries used in the model (orange line), along with their
12-month moving average (black dashed and red solid lines, respectively). (B,D,F,H), 2005—
2013 monthly averages. For each month, the correction term used to adjust the ERAS5-Land
reanalysis timeseries is equal to the difference between the offshore station EG100 and the
ERAS-Land reanalysis data. (I), H>O activity of surface water calculated from surface water

density.
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Fig. S3. Calibration of turbulent (Kr,turbulence) and double-diffusive (Kt,pp) heat
diffusivities on reference years 2012-2015. A-C, Root mean square error (RMSE) of modeled
epilimnion (A) and hypolimnion (B) temperatures, as well as mean RMSE of the two water
layers (C), as a function of Kt turbulence and Kt,pp. Labeled red points show the lowest RMSE of
the two water layers: KT wrbulence = 2.2 10° m? s and Kt pp = 4.6 10° m? s'. D, Linearly
interpolated monitoring data of salinity difference between epilimnion and hypolimnion. E,
Calculated effective diffusivity at the thermocline using best fit parameterization of diffusivities.
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The value of K, bracketed between Kt turbulence and (KT wrbulence + KT,0D), increases when double
diffusion is active, which depends on salinity and temperature gradients. F-G, Water temperature
output in the case of the best fit parameterization of diffusivities. Temperature and salinity

monitoring data from (Arnon et al., 2016).
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Fig. S5. Model-data comparison of heat fluxes. Measurements of sensible (Js) and latent (Ji)
heat fluxes are from shoreline station MS and net radiative heat flux (Jr = Jrsol + Jr,a - JRw) 18
from offshore station EG100 (Hamdani et al., 2018). Net air—water heat flux is calculated as Jsurt
=JRr - JL - Js. For this model-data comparison, we calculated heat fluxes using climate data from
these stations. We recalculated wind speed and relative humidity at 10 m above water surface
based on atmospheric boundary layer theory. Modeled and observed Jsu:f agree closely due to the
good agreement in the dominant components— Jr and Ji. In contrast, discrepancies in Js have

little effect on overall performance because of its minor contribution to Jsurt.
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Fig. S6. Summary of heat fluxes in the Dead Sea simulations. Seasonal and annual heat
fluxes (in W m™%) from the baseline simulation (1979—-2019 average; 4 top graphs) and from the
last year of the projection simulation (bottom graph). Ji: latent heat; Js: sensible heat; Jg w:
upwelling longwave emissions from the water; Jr o: downwelling longwave emissions from the
air; Jrsol: insolation penetrating water; Jsu:if: net heat flux at the air—water interface; Jp 1: effective
heat diffusion at the thermocline. For calculation of surface-integrated fluxes, Jp,r and the air—
water heat fluxes must be multiplied by the thermocline area and the lake surface area,
respectively. Note the net annual heat loss in the baseline simulation despite water warming,

explained by the decrease in water volume.
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Fig. S7. Contribution of air warming in a given month to hypolimnion and epilimnion
temperatures. The bar for each month shows the average 2010-2019 water temperature
difference between the sensitivity simulation with air temperature of that one month fixed to its

1950-1978 mean and the baseline simulation.
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Fig. S8. Dependence of brine temperature on H20 activity in brine pools around the Dead
Sea. Brine pools around the Dead Sea fill thousands of sinkholes that have formed following the
collapse of the underlying sediment into cavities in an ancient, regional salt layer. They range in
diameter up to several tens of meters and reach depths of ~20 m. Their temperature and H,O
activity shown here was measured in 2006 and 2007 (Zilberman et al., 2017). Color indicates

time of year, with red = 1% August and blue = 1% February).
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Table S1 - Variables and constants.

Variable

Unit Value Remark Reference
or conctant
aw See text Activity of H2O at brine surface
pr kg m3 K-! 0.45 Thermal expansion coefficient (Anati, 1996)
Ps kgm3kg g 0.936 Salinity expansion coefficient (Gertman et al., 2010)
Cpd Jkg!K! 1006 Dry air mass heat capacity
Cpy Jkg!'K! 1864 Water vapor mass heat capacity
Cow Jm3 K1 3,740,000 Dead Sea volumetric heat capacity (1990)
Ew 0.9955 Emissivity of surface water (annual average) (1987)
e 0.01671 Earth’s eccentricity (2024)
JR,s01,0 W m? See text Insolation at surface
KT m? s 1.4 107 Molecular diffusivity of heat in water
K urbulence m? ! 2210 Turbulent heat diffusivity at thermocline Calibrated (this study)
KtpD m? s 4.610° Double-diffusive heat diffusivity at thermocline | Calibrated (this study)
g m s? 9.8 Gravitational acceleration
1) degrees 31.5 Latitude of the Dead Sea
My kg mol! 0.02897 Molar mass of dry air
My kg mol! 0.018015 Molar mass of water vapor
0} ° 282.947 Earth’s perihelion longitude + 180° (2024)
Q ° 23.44 Earth’s axial tilt (2024)
Po Pa Input timeseries Surface air pressure
Puapsat’ Pa 611.213 Saturation vapor pressure at temperature 7 (1993)
r m 6,371,229 Earth’s radius
R JK!' mol"! 8.31446 Universal gas constant
RH Input timeseries Relative humidity
Pw kg m3 Input timeseries Surface water density
c W m?2 K+ 5.67 108 Stefan-Boltzmann constant
T K Temperature
T K 273.15 Standard temperature
Ta K Input timeseries Air temperature at water surface
Tapot K Ta+0.1K Potential air temperature at 10 m height (1988)
Tos K Model output Winter mixed waterbody temperature
T. K Model output Epilimnion temperature
Th K Model output Hypolimnion temperature
Ts K {T,;DS_ _02]5, [S(fl;?lti;(f:ezdlzliie Surface water temperature
TSIAv=1 W m2 1361 Total solar irradiance for Earth-Sun distance of (2016)
uz ms’! Input timeseries Wind speed at helght z
Y days 365.2422 Tropical year




Table S2 — Air-water heat flux equations. Subscript “0” refers to water surface.

Model
. Unit Equation Remarks Reference
parameter
Insolation
JR sl W m? (1 = a) (1 = df) Jrsolclear,o Water-penetrating insolation
) (Stanhill,
a 1075 {21,348 — 525 (90 — ) + 4.1 (90 — 6)?] Water albedo (@ unit: ©) 1987)
Fraction of blocked insolation; right-
clf 1- ]R'S—OI'O hand-side fraction is the clearness index. (1999)
]R,sol,clear,o
Calculated with Jr sol,0 measurements.
JR sol.clear,0 W m? TSI cos 0 Xg Xg Xy Xa Clear-sky insolation at water surface (1983)
LU Py
1.021 — 0.0854 ( A
My =0 \9.49 10° Pa Rayleigh scattering and gas absorption
Xr X 05 ) ] (1974)
: attenuation coefficient
+0.05 1)
03 . :
m PW Water vapor absorption attenuation
X 1-0.039 i — . (1983)
Map=0 1kgm coefficient
Xa 0.93 5m?;=0 Aerosol attenuation coefficient (1983)
2 —% Optical air mass, with ma,6-0 the value
g @ sin @ : : . :
Ma kg m? Pas J' (pP_a) 1- - dh for a vertical ray of light (/: elevation (1965)
0 a0 1+ T above water surface, meters).
TSlay=1 L
TSI W m? 72 Top-of-atmosphere total solar irradiance (1983)
SE
Downwelling longwave radiation
) o (Crawford
clf Flux of downwelling longwave radiation
Jra W m? JRaclear * | 1 —clf + . & Duchon,
€a,clear penetrating water
1999)
]R,a,clear P
Ea,clear Tt Clear-sky emissivity of atmosphere
a
, Ta\°
(1wWm=2)(59.38 4+ 113.7 (—*) .
T Clear-sky downwelling longwave
JRa,clear W m? L (1998)
96.96 PW 05 radiation
+96. (25 kg m‘z)
Upwelling longwave radiation
. Flux of upwelling longwave radiation
Jrw W m?2 ewo T+ (1—ey) ]R,a .
emitted by the water surface
Sensible heat flux (convection)
(S.D.
Js W m? Pa0 Cp,a C1 U1 (TS - Ta,pot) Flux of sensible heat from water surface. Smith,
1988)
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Transport coefficient. Interpolation of

(S.D.

Cr ATs, uro) Smith,
tabulated values from reference.
1988)
Latent heat flux (evaporation, condensation)
Ju W m? LE Flux of latent heat from water surface
Ts
(10°Jkg™) (5151 - 001395
L Jkg'! 5 Latent heat of vaporization (Dead Sea) (2018)
T
1.62107° (—S)
+ 1K
ko m (S.D.
g M . .
E o M_: [E—(')O 1.2Cr ulO(PVap,w - Pvap‘a) Evaporation rate Smith,
1988)
Astronomical functions
1— 2
dsk —e~ Normalized Sun-Earth distance
1+ecos(A — ®)
T .
9 d cos™1 [sin @siné + cos @ cosé cos <E (12 Solar zenith angle
ra
(t: time of day, in hours)
-0)
6 rad sin~!(sin 2 sin 1) Solar declination
Am + (2e = 0.25e3) sin(A, — ®) +
A rad 13 Earth’s true longitude (1978)
1.25e?sin[2(A, — ®)] + Ee*” sin[3(A, — ®)]
Am rad Amyve + A4y Earth’s mean longitude (1978)
-2 [(0.5e +0.125¢3) (1+ (1 —
e?)*) sin(-®) — 0.25¢% (0.5 + (1 — Earth’s mean longitude at vernal equinox
Am,VE rad 1 ) (2013)
e?)*)sin(—2&) + 0.125¢3 (5 + (1 — (i.e. March 21, when 1 = 0)
62)1/2) sin(—36))]
2n N
Nim rad T[T N: number of days from March 21.
Air and vapor
1+2Ma Air density (h: elevation above water
pa kg m p (L) Ry v (1959)
O\, +yh surface, meters)
My (Po — Prapa) + M, P,
Pa0 kg m d ( 0 Vap‘a) v _vapa Air density at water surface
RT,
Puyapa Pa RH Pvap_sat(Ta_pot) Water vapor pressure at 10 m height
Puapw Pa aw Pyap,sat(Ts) Water vapor pressure at water surface
647.066 K
22.064 10° Exp [“72%% (~7.867 + (Wagner
Puapsat Pa 18447115 — 11.7973 + 22.6873° — 15.967* + Saturation vapor pressure & Pruss,
1993)

1.801r7-5)]
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M, Pvap,a

w VP =P Water vapor mixing ratio
dfo ~ Ivapa
Tkg' K- cpdtwe
Cpa X s % Air mass heat capacity
(Wagner
T 1— —T & Pruss,
647.096 K
1993)
log Pvap,a*
T4 K (243.12K) Vap'SE; Dewpoint temperature (1990)
17.62 — log —2R2_
vap,sat
Mean tropospheric lapse rate (Northern Fit of data
y Km'! 6191072 +4.55107% ¢ — 5.03 1077 2 )
hemisphere) from (1979)
Atmosphere precipitable water. B is a
10 Exp| —17.9517 — log[B +1] function of time of year and latitude,
PW kg m? . . . (1966)
+0.07074 (T_ + E)] linearly interpolated from tabulated values
' K K

from reference.
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