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Abstract

The 1991 eruption of Mount Pinatubo had dramatic effects on the regional climate
in the Middle East. Though acknowledged, these effects have not been thoroughly studied.
To fill this gap and to advance understanding of the mechanisms that control variability in
the Middle East’s regional climate, we simulated the impact of the 1991 Pinatubo eruption
using a regional coupled ocean-atmosphere modeling system set for the Middle East and
North Africa (MENA) domain. We used the Coupled Ocean-Atmosphere-Wave-Sediment
Transport (COAWST) framework, which couples the Weather Research and Forecasting
Model (WRF) model with the Regional Oceanic Modeling System (ROMS). We modi-
fied the WRF model to account for the radiative effect of volcanic aerosols. Our coupled
ocean-atmosphere simulations verified by available observations revealed strong perturba-
tions in the energy balance of the Red Sea, which drove thermal and circulation responses.
Our modeling approach allowed us to separate changes in the atmospheric circulation
caused by the impact of the volcano from direct regional radiative cooling from volcanic
aerosols. The atmospheric circulation effect was significantly stronger than the direct vol-
canic aerosols effect. We found that the Red Sea response to the Pinatubo eruption was
stronger and qualitatively different from that of the global ocean system. Our results sug-
gest that major volcanic eruptions significantly affect the climate in the Middle East and
the Red Sea and should be carefully taken into account in assessments of long-term cli-
mate variability and warming trends in MENA and the Red Sea.

1 Introduction

Large equatorial volcanic eruptions can significantly perturb the Earth’s climate
[Robock, 2000; Stenchikov, 2016; Timmreck, 2012]. These perturbations can be separated
from the internal variability of the system. They, thus, provide a natural experiment to as-
sess climate mechanisms. The Pinatubo eruption in 1991 was the strongest in twentieth
century and the best observed recent eruption. It has been widely used to study the pro-
cesses affecting the climate on a global scale [Merlis et al., 2014; Stenchikov et al., 2009,
2006, 2002; Boer et al., 2007].

Here, we use the Pinatubo eruption to study regional climate sensitivity. The climate
in the MENA is especially complex. It is influenced by several major climate drivers.
The Arctic Oscillation (AO) and Indian Summer Monsoon (ISM) appear to produce the
strongest regional climate responses in winter and summer, respectively [Abualnaja et al.,
2015; Dogar et al., 2017]. The El Nino Southern Oscillation (ENSO) modulates MENA’s
climate during both seasons [Raitsos et al., 2015]. Both ENSO and AO are sensitive to
volcanic forcing [Brad Adams et al., 2003; McGregor et al., 2010; Robock, 2000; Ohba
et al., 2013; Stevenson et al., 2017; Maher et al., 2015; Driscoll et al., 2012; Stenchikov
et al., 2004] and thus amplify the nonlinearity of the response. For example, Predybaylo
et al. [2017] modelled statistically significant El Nino responses in a year after a Pinatubo-
sized eruption and demonstrated dependence on the eruption season and initial ENSO
phase. Stenchikov et al. [2006] and Robock and Mao [1992] studied high-latitude winter
warming after strong equatorial volcanic eruptions and associated the warming with the
anomalously positive phase of AO. The severe winter cooling in the Middle East observed
after the Mount Pinatubo eruption in 1991, was, at least partially, caused by the positive
phase of AO. Although this effect was recognized [Robock and Mao, 1995; Thompson
and Wallace, 1998], it was not thoroughly investigated. The impact on Pinatubo’s erup-
tion on the Middle East was profound. Snowfall was recorded in Israel during 1991-1992
winter. Observed Red Sea SST decreased more than 1 K, which was three times the glob-
ally averaged value [Stenchikov et al., 2009; Ding et al., 2014]. This cooling induced un-
usually deep water mixing in the Red Sea, which brought nutrients to the surface waters
and caused large algal bloom, which in turn shaded the corals and caused extensive coral
bleaching in the Gulf of Aqaba [Genin et al., 1995].
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The Red Sea is a relatively young sea that formed as a result of the drifting of the
African and Arabian tectonic plates [Swartz and Arden, 1960], a process that was initi-
ated approximately 45 millions years ago [Gass, 1977]. The Red Sea has a very steep
bathymetry. Its depth varies from the extensive shallow shelves that are 10 m deep to a
maximum depth of 2200 m in the central trench. The Red Sea is actively widening. Due
to tectonic activity, the bottom waters are heated by geothermal flux from the seafloor
on the order of 100 mW m−2 [Cember, 1988]. Thermal brines were found at the bottom
of the Central Red Sea and were first sampled by Charnock [1964]; Swallow and Crease
[1965] and photographed by Monin et al. [1981]. These hot, highly saline water pools re-
ceived a lot of attention since then and currently approximately 25 brine pools have been
identified [Antunes et al., 2011].

The Red Sea is an important source of water vapor for the entire region [Zolina
et al., 2017]. Due to strong evaporation, little precipitation and no river runoff, the Red
Sea’s waters are among most saline in the world. Previous evaporation rate estimates
range from 1.75 to 3.5 m year−1 and are summarized by Sofianos et al. [2002]. Although
the Red Sea is recognized as a concentration basin (where the evaporation is higher than
the precipitation), previous heat budget estimates range from heat loss to the atmosphere
(-22 W m−2) to heat gain (83 W m−2). Recent estimates (-11 ± 5 W m−2 and 2.06 ± 0.22
m year−1) by Sofianos et al. [2002] are based on direct observations at the Bab-el-Mandeb
strait and indicate overall energy loss through the ocean-atmosphere interface. However,
these measurements were conducted during the relatively short period (between June 1995
and November 1996) after the Pinatubo eruption in 1991, which caused short-term sur-
face cooling followed by the abrupt warming of the Red Sea initiated after 1994 [Raitsos
et al., 2011]. Although it is accurate, this heat budget estimate might reflect the particular
conditions at the time of the observations.

The Red Sea’s freshwater deficit and energy imbalance are compensated by the wa-
ter exchange through the strait of Bab-el-Mandeb. This exchange follows seasonal cycle
and is characterized by two- and three- layer water flows in winter and summer, respec-
tively [Sofianos et al., 2002; Sofianos and Johns, 2007]. Inflow through the strait advects
nutrients to the oligotrophic Red Sea [Raitsos et al., 2015; Almahasheer et al., 2016]. Dust
deposition also supplies nutrients to the Red Sea [Jish Prakash et al., 2015; Kalenderski
et al., 2013; Anisimov et al., 2017], although deposition rates and the chemical composi-
tion of the dust remain uncertain. Highly saline Red Sea Outflow Water (RSOW, the lower
layer of water exchange at the Bab-el-Mandeb strait), formed as part of the top overturning
cell [Sofianos and Johns, 2003; Zhai et al., 2015], spreads into the Indian Ocean, where
it is a dominant source of the salt budget of intermediate layers [Beal et al., 2000]. Beal
et al. [2000] argued that RSOW has strong implications on global thermohaline circula-
tion, since RSOW is transported further along the African coast via the Agulhas Current
to high southern latitudes. Cold and saline waters develop in the Gulf of Aqaba and Suez
as well as in the extreme open northern Red Sea. They contribute to the deep water for-
mation in the Red Sea and enforce the deep overturning circulation [Papadopoulos et al.,
2015; Sofianos and Johns, 2015; Cember, 1988]. Although sources of this deep water for-
mation are well known, the rate and their relative contribution are still largely uncertain.

Climate in the Middle East region remains largely understudied. In this work, we
examine the response of the Middle East climate to the Pinatubo eruption and its impact
on the Red Sea to increase understanding of regional climate variability mechanisms and
trends. The Middle East is a climatic hotspot and is very sensitive to radiative forcings
of different origins, partly because surface energy balance in the arid regions is restored
mostly by thermal radiation, i.e., by the surface temperature response. However, similar
to the post-eruption high-latitude winter warming due to anomously positive AO phase,
forced circulation changes in the Middle East could play an important role. According to
conventional wisdom, global models are necessary to study the impact of volcanoes on
climate because of the large-scale nature of the forcing. However, global models are not

–3–
This article is protected by copyright. All rights reserved.



able to completely capture the dynamical responses, e.g., positive AO and high-latitude
winter warming, following an eruption [Driscoll et al., 2012; Stenchikov et al., 2006]. Ad-
ditionally, for the Middle East - Red Sea region a coupled ocean-atmosphere approach is
required due to strong perturbations observed after the Pinatubo eruption both in the at-
mosphere and in the ocean. We, therefore, employ a coupled ocean-atmosphere regional
model, which has higher spatial resolution than global models and is able to capture the
regional response better. In the regional setting, the ’observed’ large-scale circulation
from atmospheric reanalysis is imposed by boundary conditions. This allows the regional
circulation in the Middle East to be correctly simulated when it is forced by a positive
AO in the winters of 1991/92 and 1992/93. To properly account for the radiative effects
of volcanic aerosols, we prescribe aerosol optical properties following the approach by
[Stenchikov et al., 2006]. This novel approach and modeling setup allow us to quantify and
separate the total cooling into radiative and dynamical components. Moreover, our goals
were to:

• simulate the atmospheric response in MENA to quantify the contributions of re-
gional circulation/dynamics and direct radiative cooling by volcanic aerosols to the
total climate response caused by the 1991 Pinatubo eruption;

• simulate the thermal and circulation responses in the Red Sea to identify sensitivi-
ties to external forcing and leading mechanisms;

• assess the impact of explosive volcanism on variability in the Red Sea on the sea-
sonal and decadal time scales

The remainder of this paper is organized as follows. The models, aerosol implementation
and experimental design are described in Section 2. Simulated Red Sea state is compared
with available observations in Section 3, followed by an analysis of the response in atmo-
sphere and Red Sea, impact on deep water formation and overturning circulation. Pertur-
bations of the energy balance in the Red Sea are discussed in Section 3.4. Long-term SST
variability in the Red Sea is discussed in Section 4. A discussion and a conclusions are
offered in Section 5.

2 Model

The coupled model used in this study comprises the Weather Research and Fore-
casting (WRF) model [Skamarock et al., 2008] as the atmospheric component and the Re-
gional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005, 2009] as
the oceanic component. These models are coupled using Model Coupling Toolkit (MCT)
as implemented in the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST)
framework [Warner et al., 2010].

As shown in Figure B.1, WRF’s parent domain is chosen to cover MENA with 30-
km resolution. A two-way interaction nested domain over the Red Sea with 10-km reso-
lution is added to downscale the 30-km fields to improve air-sea interaction calculations
and to smooth out the transition from a relatively coarse atmospheric grid to a finer spatial
resolution oceanic grid. The ROMS domain covers the Red Sea and the western part of
the Gulf of Aden and has 2-km resolution. The ocean and atmosphere coupling interval is
30 minutes. Technical details and model settings are provided in the Appendix B: .

ROMS is formulated in general horizontal curvilinear coordinates ξ and η. For com-
putational efficiency, the oceanic grid is rotated by 30 degrees (the rotation angle is de-
fined as a counterclockwise angle between the ξ-axis and true east), resulting in ξ and η
axes across and parallel to the Red Sea axis, respectively.

Initial and boundary conditions for atmospheric model were taken from European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim and for ocean model
from Ocean ReAnalysis Pilot 5 (ORAP5) [Zuo et al., 2015] reanalysis, respectively. SST
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in the WRF domains but outside the ROMS domain was prescribed from ERA-Interim
and updated every 6 hours. According to [Papadopoulos et al., 2015; Zhai et al., 2015]
the potential temperature and salinity of the deep waters in the Red Sea are largely steady.
Due to ORAP5 coarse bathymetry and biases in deep waters, we interpolated the oceanic
initial conditions in the deep Red Sea (below 400 m and north of Bab-el-Mandeb strait)
from the World Ocean Atlas (WOA) annual climatological profile ([Locarnini et al., 2013;
Zweng et al., 2013]), assuming zero velocities at the same locations. We interpolated the
oceanic bathymetry onto the model grid from the ETOPO1 1 arc-minute data set (Amante
and Eakins [2009]).

2.1 Aerosol implementation

Radiative transfer calculations in WRF are conducted using Rapid Radiative Trans-
fer Model for General Circulation Models (RRTMG) in both shortwave (SW) and long-
wave (LW) ranges [Mlawer et al., 1997; Mlawer and Clough, 1997]. To account for ra-
diative effects of the sulfate aerosol formed in the stratosphere after the Pinatubo erup-
tion, we implemented the precalculated volcanic aerosol optical properties in the WRF
model following the approach described by [Stenchikov et al., 1998, 2006]. We computed
these spectral optical properties offline using the Mie solution and Sato’s optical depth
[Sato et al., 1993]. Solar near-IR and LW volcanic aerosol absorption causes heating of
the stratosphere, perturbs the general circulation and strengthens the polar vortex [Graft
et al., 1993; Robock and Mao, 1992, 1995]. The direct LW radiative effect of aerosols on
the troposphere and surface energy balance is negligibly small [Stenchikov et al., 1998].
Therefore, in this study, we account only for SW effects of volcanic aerosols, since atmo-
spheric boundary conditions impose large-scale circulation in the regional setup.

SW optical properties are introduced into the code of the WRF model as additional
weekly input and are propagated into the radiation driver. We computed the spectral opti-
cal properties (optical depth, single scattering albedo and asymmetry parameter) of aerosols
for the RRTMG SW and LW wavelength bands. Experiments with and without prescribed
aerosol optical properties are referred to as perturbed (P) and control (C), respectively.

2.2 Experimental setup

To spin up the ocean, we integrated the coupled model during the volcanic quies-
cent period from 1996 to 2013 using initial and boundary conditions from reanalysis as
described previously. We integrated the perturbed (P) and control (C) experiments from
1986 to 2013. We initialized the ocean model using a spinup run restart file from January
1, 2013, while we initialized the atmospheric model from January 1, 1986 using ERA-
Interim reanalysis.

We configured ROMS model to save daily averaged output, which is calculated from
the integration of the instantaneous fields during each model time step. Accurate time av-
eraging facilitates analysis and improves diagnostics of the Red Sea energy balance. Sim-
ilar approach is applied to radiative fluxes output from the WRF model, while the rest of
the WRF variables were saved every three hours as instantaneous fields.

3 Results

To the best of our knowledge, this is the first high-resolution coupled ocean atmo-
sphere simulation of the Red Sea that spans several decades to reproduce the regional cli-
mate. Coupled ocean-atmosphere models have more degrees of freedom compared with
standalone atmosphere or ocean models, and, thus, they are physically more responsive
and require more care to obtain a realistic climate. Thus, we first discuss the simulated
Red Sea climatological state (defined as the average climate over the 1986-1991 period
prior to the Pinatubo eruption) and compare it with available observations. We used Ad-
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vanced Very High Resolution Radiometer (AVHRR) -only Optimum Interpolation SST
(OISST) [Reynolds et al., 2007] to validate simulated SST. This dataset is bias adjusted
to mitigate the influence of volcanic aerosols on infrared satellite temperatures [Reynolds,
1993]. WOA climatology is used to compare salinity and temperature profiles. Figure B.2
shows the spatial distribution of the modeled and observed climatological SST and sea
surface salinity (SSS). The model is able to properly capture south-to-north SST and salin-
ity gradients. Cold salty waters in the Gulf of Aqaba and warm waters in the extensive
shallow region around Farasan islands in the southern Red Sea are also well reproduced.
Simulated SST has a positive bias, especially in the southern region. This bias is largely
due to the strong radiative cooling by dust aerosols [Brindley et al., 2015; Osipov et al.,
2015], which is not accounted for in this study. Simulated SSS also agrees reasonably
well with WOA climatology, although the model predicts higher salinity in the northern
Red Sea (absolute and relative differences are less than 0.75 and 2%, respectively).

Figure B.3 shows the vertical profiles of the temperature and salinity along the Red
Sea axis. Simulated profiles are sampled along the cross section shown in Figure B.2,
while WOA profiles are zonally averaged because of the scarcity of observations and be-
cause most of the WOA observations are taken along the Red Sea axis. The top panel
shows that the temperature below 200 m is rather uniform and varies between 21.5 and
22 ◦C. Similarly, salinity in the deep ocean is fairly constant and varies between 40.5 and
40.7. The south-to-north salinity gradient in the upper ocean is reproduced by the model,
although the simulated salinity is higher than that observed in the northern Red Sea and in
the deep ocean.

The Red Sea is a typical concentration basin with inverse estuarine type circula-
tion at the strait of Bab-el-Mandeb, which connects the Red Sea with the Indian Ocean.
Simulated fresh water and heat budgets (ROMS, P) are 2.08 m year−1 and -3.75 W m−2,
respectively. The fresh water budget falls in and the heat budget is reasonably close to the
range of uncertainty of estimates provided by Sofianos et al. [2002]. Overall, the oceanic
model produces a realistic climate regime, that does not drift significantly during the 17
years of the spinup calculations.

To evaluate the impact of Pinatubo on the Red Sea, we must ensure that atmospheric
regional circulation and thermal perturbations are correctly represented during the years
following the Pinatubo eruption in June 1991. Thus, in the following section, we first fo-
cus on the atmospheric summer and winter anomalies and then discuss the Red Sea’s re-
sponse.

3.1 Atmospheric response

Figure B.4 shows the spatially averaged (over the parent WRF domain) prescribed
volcanic aerosol column optical depth (AOD) and the anomaly (perturbed minus con-
trol) of the clear-sky SW net flux at the surface. Prior to the Pinatubo eruption, AOD is
at its background level. AOD peaks 5-6 months after the eruption, when most of the SO2
has been converted to sulfate aerosols [Stenchikov et al., 1998]. By 1996, AOD values re-
turn to the background level. Pinatubo signal can be clearly seen in clear-sky SW flux
anomaly, which peaks at about -5.5 W m−2 and is consistent with results in previous stud-
ies, e.g., see [Stenchikov et al., 1998].

Figure B.5 shows the 1991/1992 and 1992/1993 winter (December/January/February,
DJF) mean surface air temperature (SAT) anomalies. In this figure, anomalies are com-
puted in two ways. The top row shows the WRF (perturbed run, left panel) and ERA-
Interim (right panel) SAT anomalies computed with respect to the their winter climatol-
ogy. This diagnostic represents the total regional effect of the Pinatubo global impact and
accounts for both radiative cooling due to volcanic aerosols and a dynamic effect due to
changes in large-scale circulation in the atmosphere. Both panels show severe winter cool-
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ing up to -2 ◦C. The spatial pattern and amplitude of the simulated SAT anomalies com-
pare well with the reanalysis SAT anomalies.

The bottom row separates the individual contributions of the radiative and the dy-
namic effect to the total SAT anomaly. The dynamic effect (bottom left panel) is repre-
sented by the SAT anomaly of the control run with respect to the climatology. Since vol-
canic aerosols is absent from the control run, this anomaly is solely due to large-scale cir-
culation changes imposed through the boundary conditions. The radiative cooling (bottom
right panel) is derived from the SAT difference between the perturbed and control runs
because both runs are driven by the same boundary conditions and thus by the same large
scale circulation. The dynamic response (bottom left panel) accounts for most of the total
cooling and is well represented due to the well defined ERA-Interim boundary conditions
that allow the model to mimic the effect of the ’observed’ large-scale circulation. Radia-
tive cooling by volcanic aerosols is spatially more uniform and is much smaller than the
dynamically induced cooling, except in the southern part of the domain, where the cloud
effect dominates.

Figure B.6 shows the same diagnostics as Figure B.5 except for the 1991 and 1992
summer (June/July/August, JJA) composites. Similar to in winter, the summer SAT anoma-
lies are mostly negative over MENA, but they are weaker in magnitude. Positive SAT
anomalies are seen along the northern border of the Inter Tropical Convergence Zone
(ITCZ) and are associated with the southward shift of the ITCZ. This feature is most
prominent in the bottom right panel of Figure B.6. The southward shift of the ITCZ leads
to reduction in cloud cover and increased SW fluxes at the surface and, thus, to a positive
SAT anomaly. Similar to the winter season, the contribution of the dynamics to the total
simulated SAT anomaly prevails over direct radiation effect.

Overall, regional circulation in MENA in winter and summer is controlled by dif-
ferent climate drivers. During winter seasons, NAO and ENSO are most important and
during summer seasons SAT variability is associated with the Indian Monsoon and the
ITCZ. In-depth analysis of the factors governing the climate response to volcanic forcing
in MENA is provided in Dogar et al. [2017].

We focus on the Red Sea’s response to both radiative and atmospheric forcings,
which are well captured in the perturbed run. In the remainder of ths paper, anomalies
are computed with respect to the climatology (1986-1991 time period) and are referred to
as anomaly.

3.2 Red Sea thermal response

Figure B.7 shows Hovmoller diagrams of the observed (OISST, top panel, zonally
averaged) and simulated (ROMS, P, bottom panel, averaged across the Red Sea axis) SST
anomalies. The model captures the post-Pinatubo cooling that is especially strong during
the 1991-1992 winter, when the SST anomaly peaks at -1 ◦C. The overall spatial distri-
bution of the simulated and observed anomalies is in reasonable agreement, although the
simulated cooling is more pronounced.

The top panel in Figure B.8 shows the time series of the ocean potential tempera-
ture (Θ) anomaly averaged in the water column above (Θ↑75 m) and below (Θ↓75 m) 75
m. Following the 1991-1992 winter event, Θ↑75 m and Θ↓75 m sharply drop by about 1.5
and 0.3 ◦C, respectively, within a few months. The quick response (as well as the quick
recovery in 2 years) of the upper ocean is expected as it is in direct contact with the atmo-
sphere and is driven by strong atmospheric forcing. That the deep ocean quickly absorbs
about half the total cooling (assuming the average depth of the Red Sea is 500 m) is sur-
prising. By contrast, the deep ocean heat uptake happens more slowly in the global ocean
where it takes 15 years for a cooling signal to penetrate into the deep ocean [Stenchikov
et al., 2009]. The cooling of the deep Red Sea is episodic and correlates with the increas-

–7–
This article is protected by copyright. All rights reserved.



ing mixed layer depth (MLD) anomaly, especially in winter 1991-1992 (bottom panel).
Details on how we calculated MLD are given in Appendix A: . The Θ↓75 m anomaly in
the simulation persists until the end of the 21-year run. Sporadic perturbations of the deep
ocean temperature can be seen in "non-volcanic" years, e.g., 1989, 1997, 1999, 2010 and
2011. This indicates that cooling of the deep waters in the Red Sea is caused predomi-
nantly not by slow "diffusion-like" heat exchange between the upper and deep ocean lay-
ers, but by fast convective mixing, which injects colder water masses into the deep ocean.
The bottom panel in Figure B.8 shows that since 1994, the winter MLD is significantly
suppressed, given that the stratification of the water columns becomes more stable. The
long time series of the simulated Θ and MLD anomalies show that the 1991-1992 winter
event following the Pinatubo eruption is not unique although convective mixing caused by
the Pinatubo event was strong during the last 25 years. In general, deep seasonal mixing is
an important mechanism of deep ocean heat uptake in the Red Sea.

3.3 Deep water formation

The extreme north of the Red Sea as well as the Gulf of Aqaba and Suez are known
as the only source regions for formation of intermediate and deep waters (Cember [1988];
Sofianos and Johns [2015]; Papadopoulos et al. [2015]). The top panel of Figure B.9 shows
Hovmoller diagram of the modelled daily MLD climatology. A strong increase in the con-
vective mixing can be seen during February-April just off the tip of the Sinai Peninsula,
where MLD reaches 250 m. Thus, the timing and spatial distribution of the atmospheric
cooling (winter season, strongest in the northern Red Sea) discussed in Sections 3.1 and
3.2 coincide with the time and location of the most intense Red Sea deep water formation.
The bottom panel in Figure B.9 shows that, due to strong surface buoyancy loss during
the first winter after the Pinatubo eruption, maximum MLD increases up to 450 m and the
deep mixing area also extends spatially to the south. Unusually deep mixing (more than
850 m) in the Gulf of Aqaba has been reported by Genin et al. [1995].

The top panel in Figure B.10 shows the climatological (February and March) poten-
tial temperature profiles along the Red Sea axis. The strong thermocline in the southern
Red Sea spreads up to 22◦N. Further north, the stratification weakens and potential tem-
perature variations in the water column are less than 0.5 ◦C. The bottom panel of Figure
B.10 shows February-March 1992 ocean potential temperature anomalies resulted from
intense surface cooling and deep convective mixing of the entire water column north of
24◦N. The ocean heat content anomaly in this latitude band is mixed in the entire column.
The temperature anomaly is therefore modest. Between 18◦N and 22◦N the temperature
anomaly peaks at -1.5 ◦C because the stratification is stable enough to suppress deep con-
vective mixing. The change in the ocean heat content in this latitude band is confined to a
shallow layer and the temperature anomaly is large in magnitude.

Thus, the nonuniform spatial distribution of the SST anomaly along the Red Sea
axis is controlled by the nonlinear threshold mechanism associated with the vertical sta-
bility of the water column. This implies that the magnitude of the negative SST anomaly
in the northern most Red Sea during the winter could not exceed 0.5-0.7 ◦C, because the
bottom waters are only 0.5-0.7 ◦C colder than SST and deep mixing prevents an excessive
temperature decrease.

Figure B.11 shows the overturning circulation stream function, Ψ, along the Red
Sea axis averaged during the 1986-1991, 1992-1993, 1994-2013 time periods before and
after the Pinatubo eruption. The top panel shows the simulated circulation state before the
eruption. It is characterized by upper clockwise and lower counterclockwise circulation
cells with strengths of 0.45 and 0.3 Sv, respectively. This base state is broadly consistent
with that presented in [Cember, 1988; Sofianos and Johns, 2015, 2003; Yao et al., 2014a,b;
Sofianos and Johns, 2003]). However, few studies have reported the overturning circulation
in the deep ocean (below 400 m). For example, Sofianos and Johns [2003] provided mean
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Ψ on all six isopycnic model layers, although Red Sea Deep Water (RSDW) is represented
by a single layer spanning from about 200 m to the bottom.

A combination of the week stratification during winter in the northern Red Sea with
strong buoyancy loss at the same location and season is expected to significantly perturb
the overturning circulation. The middle panel in Figure B.11 shows intensification and
much deeper proliferation of the upper overturning cell in the northern Red Sea follow-
ing the Pinatubo eruption, which is clearly seen in 1992 and 1993. The magnitude of the
positive Ψ anomaly at around 500 meters is comparable to the strength of the climatolog-
ical overturning circulation in the upper ocean. Since 1994, the positive SST anomaly and
reduced MLD during winter (shown in Figures B.7 and B.8) result in weakening and shal-
lowing of the upper cell in the northern Red Sea and a northward extension of the lower
cell (bottom panel).

Figure B.11 depicts a strong variability in the volume spanned by the overturning
circulation cells before and after the Pinatubo eruption. This variability obscures an ex-
act comparison of the residence times, τ, with the estimates from the previous studies.
However, a comparison at the order of magnitude level is still possible. We define the res-
idence time, τ, for a given overturning cell as follows:

τ =
Vcell

|Ψ|
, (1)

where Vcell is the volume occupied by the overturning cell and |Ψ| is the abso-
lute characteristic value of the stream function, representative for the cell. For the post-
Pinatubo period (1994-2013), assuming |Ψ| is 0.3, the upper (positive) overturning cell
τ is 9.8 years. Based on sulfur hexafluoride (SF6) measurements, Zhai et al. [2015] es-
timated a RSOW mean residence time of 4.7 years. For the deep (negative) overturning
cell spanning the rest of the Red Sea volume, |Ψ| is 0.25 and τ = 18.9 years. Based on
Carbon-14 measurements, Cember [1988] estimated the deep water residence time to be
about 36 years.

3.4 Ocean heat content

The thermal energy balance for the entire Red Sea basin can be written in the fol-
lowing form:

dÊ
dt
= F̂HB + F̂BM, (2)

where

Ê =
1
S

∭
V

E dV

F̂HB =
1
S

∬
S

FHB dS

F̂BM =
1
S

∬
A

FBM dA

where E is the heat content of sea water; S is the Red Sea surface area; V is the Red Sea
volume; F̂BM is the heat flux integrated across the Bab-el-Mandeb strait; and A is the
Bab-el-Mandeb cross section. The heat budget, F̂HB, can be written in the following form:

F̂HB = F̂SW + F̂LW + F̂LH + F̂SH, (3)

where
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F̂SW =
1
S

∬
S

FSW dS

F̂LW =
1
S

∬
S

FLW dS

F̂LH =
1
S

∬
S

FLH dS

F̂SH =
1
S

∬
S

FSH dS.

Here, FSW (shortwave), FLW (longwave), FLH (latent), FSH (sensible) are net (downward
minus upward) fluxes at then ocean-atmosphere interface. The net fluxes sign convention
follows the ROMS model. A positive value thus means heating of the ocean. For diagnos-
tic purposes, the total basin’s heat content, Ê , can also be split between upper (above 75
m) and deep (below 75 m) ocean:

Ê = Ê↑75 m + Ê↓75 m. (4)

Equation 2 states that changes in E can be split into two components: fluxes at the
ocean-atmosphere interface and advection through the strait. Figure B.12 shows anomalies
in the individual energy balance terms. Overall, F̂HB variations are absorbed by changes
in the heat content, dÊ/dt, and variations in the energy exchange at the strait, F̂BM , are
less pronounced. The 1991-1992 winter is characterized by a strong loss of energy by the
ocean. A negative F̂HB flux anomaly is continuously present for six months and peaks
at -80 W m2. Increases in evaporation and turbulent heat flux explain about 75% of the
energy loss. According to Figure B.12, the dÊ/dt anomaly is almost equally split between
upper and deep ocean heat uptake.

4 Long-term SST variability in the Red Sea

Figure B.13 shows the long-term area-weighted Hadley SST [Rayner et al., 2003]
anomaly over the Red Sea and North Atlantic since 1870. The North Atlantic SST was
averaged over the domain (0◦N-70◦N, 100◦W-30◦E) that is used for the Atlantic Multi-
decadal Oscillation (AMO) index calculations [Schlesinger and Ramankutty, 1994], al-
though the linear trend was not removed. On a multidecadal time scale, Red Sea and
North Atlantic SST variability exhibits a strikingly strong correlation. Both anomalies
oscillate in a 60-70 year period and are characterized by the same long-term positive lin-
ear trend that is much weaker than the linear trend calculated on shorter time scales over
warming/cooling periods. The last warming cycle initiated in 1980 is rather abrupt [Rait-
sos et al., 2011; Belkin, 2009; Cantin et al., 2010], partly because both global and regional
temperatures were affected by two major volcanic eruptions of El Chichon in 1982 and
Pinatubo in 1991. Assuming cyclic temperature variability in MENA and the Red Sea, a
polynomial trend calculation is preferable [Dogar et al., 2017].

Although the connection between Red Sea and North Atlantic SST anomalies is yet
to be understood, this study provides additional evidence that a major volcanic eruption
could significantly contribute not only to the global but also to the regional climate vari-
ability and it has to be accounted for in trend analyses.

5 Discussion and conclusions

The 1991 Mt. Pinatubo eruption severely impacted the regional climate of the Mid-
dle East and North Africa and the Red Sea. The climate perturbation was especially strong
in the winter of 1991-1992 with snowfalls in Israel, the Red Sea SST cooling by more
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than 1 K, and widespread coral bleaching for 2-3 years. The cooling quickly penetrated
into the deep ocean and lasted there for more than 20 years.

To better understand this regional climate response, we used a coupled regional
ocean-atmosphere model to simulate these extreme events. This novel approach for the
MENA region is superior with respect to fine-resolution global model simulations and al-
lows us to accurately represent the post-Pinatubo anomalies both in the atmosphere and
the Red Sea, as well as to quantify the contributions of the direct regional radiative forc-
ing and circulation changes. We find that the severity of the Pinatubo impact is largely ex-
plained by the intrusion of cold air masses due to perturbations in the general circulation
forced, at least partially, by volcanic impact, rather than by direct radiative surface cooling
by volcanic aerosols in MENA.

The Red Sea’s response to volcanic forcing is qualitatively different than that of the
global ocean [Stenchikov et al., 2009] and, although in both cases the oceans cool, on the
regional scale leading processes and characteristic time scales are different. The Red Sea
SST anomaly peaks at -1 ◦C, while the global SST anomaly is 3 times smaller. Increases
in evaporation and turbulent heat fluxes explain 50% and 25% of the energy loss, respec-
tively, while SW flux reduction makes a minor contribution. In the global ocean, post-
Pinatubo cooling is mostly driven by solar dimming due to increased sulfate aerosol AOD
after the eruption [Stenchikov et al., 2009]. In addition, in the global ocean response, the
reduced evaporation acts as a negative feedback mechanism opposing overall energy loss,
while in the Red Sea, the latent heat flux is the main driving forcing that cools the ocean.
The time-scale of the heat uptake is also different. In the global ocean fast cooling of the
upper layers is followed by slow cooling of the deep ocean layer, which takes more than
15 years. In the Red Sea, the upper and deep ocean cooled almost simultaneously and
deep the ocean took up about half the cooling.

Preconditioned by the winter season, the enhanced loss of the surface buoyancy in
the winter of 1991-1992 results in doubling of the mixed layer depth in the northern Red
Sea and also in significant southward extension of the convective mixing. This relatively
fast process is the main mechanism of cold penetration in to the deep Red Sea waters,
which happens episodically during winters rather than continuously during the year. The
Red Sea quickly lost heat during the two consecutive winters following the Pinatubo erup-
tion. The upper ocean recovered after 2 years. The cold anomaly in the deep Red Sea per-
sisted until the end of the run of 21 years. An increased formation rate of the intermediate
and deep waters resulted in deepening and strengthening of the top overturning circulation
cell in the northern Red Sea for two consecutive years. Compared to the Atlantic Ocean’s
overturning response to Pinatubo forcing, which did not exceed 10%, the relative overturn-
ing anomaly in the Red Sea exceeded 50% and the overall signal developed much faster.
Due to cooling of the deep water in the Red Sea and, as a result, a more stable thermo-
cline, the overturning circulation in the northern part has been suppressed and the vertical
extent of the upper circulation cell has shrunk since 1994. Unlike in the global ocean,
the heat balance in the Red Sea includes an additional term that represents heat advec-
tion through the strait of Bab-el-Mandeb. However, analysis shows that neither the flow
strength nor the temperature profile at the strait is significantly perturbed by the volcanic
impact, and surface heat balance variations, forced by volcanic aerosols, are mostly ab-
sorbed by the Red Sea heat content.

This study quantifies the impact of the Pinatubo eruption on MENA and the Red
Sea, reveals the high sensitivity of the regional climate to the global volcanic forcing, and
helps to better understand the climate mechanisms governing the regional climate in Mid-
dle East.
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A: MLD algorithm

The curvature- and segment-based approaches have been shown to outperform clas-
sical threshold methods in MLD computations [Lorbacher et al., 2006; Abdulla et al.,
2016]. In addition to that, threshold methods (for example, based on the variable potential
density criterion, Monterey and Levitus [1997]), when applied to the Red Sea, fail to deter-
mine MLD at all for numerous profiles, due to the weak stratification in the extreme north
during winters or in the shallow coastal areas, since the threshold value does not exist in
the profile. In this work, MLD computations are based on the potential density curvature
criterion and are based on the approach described by Lorbacher et al. [2006]. The parent
algorithm has been modified with vectorization allowing multicore calculations (due to
the large volume of daily high-resolution model output data) and robustness, in the sense
that the algorithm has to consistently produce MLD values. The following steps are per-
formed for a given potential density, σ, profile. For each layer i at the depth zi , first (σ′i )
and second (σ′′i ) derivatives and the quality index, qii , are computed. The quality index is
defined as

qii = 1 −
std(σ0..i)

std(σ0..M )
, (A.1)

where M = min(int(1.5∗i); N), N is the number of layers in the profile, std is the standard
deviation computed on the potential density values, σ, sampled at layers 0..i and 0..M .
MLD is defined as the depth of the layer imld for which qiimld

is the largest in the profile,
while σ′imld

> 0, σ′′imld
> 0 and f ′′imld

is a local maximum. Compared to Lorbacher et al.
[2006] algorithm, no MLD interpolation is done between levels. Lorbacher et al. [2006]
used qi as a measure to assess the performance of the MLD algorithms (as qi is closer to
1), but using the initial guess step. Instead, here this step is completely removed and the
algorithm tries to maximize the qi for a given profile. In rare cases, when the criterion
could not be satisfied for any layer in the profile or when the largest qi in the profile is
less then 0.55 (usually in the shallow coastal areas), imld is chosen were f ′imld

is largest.
The algorithm is written in python, capable of computing spatial MLD given 3D (x, y and
z) input and is available online at https://github.com/SeregaOsipov/MLD4ROMS.

B: Model settings

This section provides some of the technical details relevant for the reproducibility
of the numerical simulations. The model code has been modified and built from revision
1146 of the COAWST source code. Tables B.1 and B.2 provide WRF- and ROMS-specific
settings, respectively.
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Figure B.2. The top panels show simulated (ROMS, P) and observed (AVHRR) SST. The bottom panels
show simulated (ROMS, P) and observed (WOA) SSS. ROMS and AVHRR diagnostics are averaged over the
1986-1991 time period. The thick black line in the top left panel shows the location of the cross section.
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Figure B.4. The column optical depth of the volcanic aerosol at 0.53 µm and the surface clear-sky SW net
flux anomaly (P-C) spatially averaged over the WRF 30-km domain. Optical depth is plotted in relation to the
vertical axis on the right.

30°W 10°W 10°E 30°E 50°E 70°E
0°

10°N

20°N

30°N

40°N -3.0 -2.5

-2.0-2.0

-1.
5

-1.0

-0.5

-0
.5

-0.
5

-0.1

-0.1

-0.
1-0

.1

0.1
0.1

0.1

0.
1

0.1

0.5 0.5

0.51.
0

Model

30°W 10°W 10°E 30°E 50°E 70°E

-2.0

-1
.5

-1.
0

-0.5

-0.
5

-0.5

-0.
1

-0
.1

-0.1

-0.
1

-0.
1

-0.
1

0.1 0.1

0.1

0.
1

0.5

0.
5

0.5

0.5

Era-Interim

30°W 10°W 10°E 30°E 50°E 70°E
0°

10°N

20°N

30°N

40°N
-3.0-2.5

-2.0-1.5

-1.0

-0.5

-0.
5

-0
.5

-0.1

-0
.1

-0
.1

-0
.1

0.1 0.1

0.1 0.1

0.1

0.5 0.5

0.5
0.5

0.
5

1.0

Dynamics

30°W 10°W 10°E 30°E 50°E 70°E

-0.
6

-0.5

-0.
5

-0
.4

-0.4

-0
.4-0.

3

-0.3

-0.3

-0.
2

-0.2

-0.2

-0.1
0.1

Radiation
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 -0.1 0.1 0.5 1.0 1.5 2.0 2.5 3.0 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 -0.1 0.1 0.5 1.0 1.5 2.0 2.5 3.0

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 -0.1 0.1 0.5 1.0 1.5 2.0 2.5 3.0 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.4 0.5 0.6

Figure B.5. 1991-1992 and 1992-1993 winter mean surface air temperature anomalies. The top row com-
pares simulated (perturbed run, left panel) and observed (ERA-Interim reanalysis, right panel) anomalies
with respect to the climatology. The bottom raw illustrates individual contributing terms: dynamical cooling
(control run anomaly, left panel) and radiative cooling (difference between perturbed and control runs, right
panel).
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Figure B.6. Same as Figure B.5 but for 1991 and 1992 summers.
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Figure B.7. Hovmoller diagrams of the observed (AVHRR, top panel) and simulated (ROMS, P, bottom
panel) quarterly (3 months) SST anomalies.
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Figure B.9. Hovmoller diagrams of the MLD (spatially averaged across the Red Sea axis, ROMS, P) clima-
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spatial reference for the Hovmoller diagrams.
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Figure B.10. Potential temperature cross sections along the Red Sea axis. The top panel shows potential
temperature climatology (1986-1991 February and March time period, ROMS, P). The bottom panel shows
the potential temperature anomaly (1992 February and March time period, ROMS, P). The top panel contour
levels sampling is increased in the 21.6-22.5 ◦C interval to visually enhance the weak vertical gradients.
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Figure B.11. Overturning circulation, Ψ, (ROMS, P) along the Red Sea axis in Sv averaged over different
periods of time. Top, middle and bottom panels show 1986-1991 (prior to the Pinatubo eruption), 1992-1993
(immediately after the Pinatubo eruption) and 1994-2013 (post-Pinatubo eruption) time periods, respectively.
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Figure B.12. Monthly energy balance component (defined in equations 2 and 3) anomalies.
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Figure B.13. Area-weighted quarterly (3 months) Hadley SST anomaly since 1870 averaged over the Red
Sea and North Atlantic (0◦N-70◦N, 100◦W-30◦E).
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