
Sensitivity Studies of the Red
Sea Eddies Using Adjoint Method

Item Type Article

Authors Zhan, Peng; Gopalakrishnan, Ganesh; Subramanian, Aneesh C.;
Guo, Daquan; Hoteit, Ibrahim

Citation Zhan P, Gopalakrishnan G, Subramanian AC, Guo D, Hoteit I
(2018) Sensitivity Studies of the Red Sea Eddies Using Adjoint
Method. Journal of Geophysical Research: Oceans. Available:
http://dx.doi.org/10.1029/2018jc014531.

Eprint version Post-print

DOI 10.1029/2018jc014531

Publisher American Geophysical Union (AGU)

Journal Journal of Geophysical Research: Oceans

Rights Archived with thanks to Journal of Geophysical Research: Oceans

Download date 23/05/2023 20:24:20

Link to Item http://hdl.handle.net/10754/629489

http://dx.doi.org/10.1029/2018jc014531
http://hdl.handle.net/10754/629489


Sensitivity Studies of the Red Sea Eddies Using

Adjoint Method
Peng Zhan

1
, Ganesh Gopalakrishnan

2
, Aneesh C. Subramanian

2
, Daquan

Guo
1
, Ibrahim Hoteit1*

Corresponding author: Ibrahim Hoteit, Division of Physical Sciences and Engineer-

ing, King Abdullah University of Science and Technology, Thuwal, Saudi Arabia.

(ibrahim.hoteit@kaust.edu.sa)

1Division of Physical Sciences and

Engineering, King Abdullah University of

Science and Technology, Thuwal, Saudi

Arabia.

2Scripps Institution of Oceanography,

University of California San Diego,

California, USA.

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences
between this version and the Version of Record. Please cite this article as doi: 10.1029/2018JC014531

c©2018 American Geophysical Union. All Rights Reserved.



Abstract.

Adjoint sensitivity analysis are applied to a set of eddies in the Red Sea

using a high-resolution MITgcm and its adjoint model. Previous studies have

reported several eddy events in the Red Sea, namely, a dipole captured on

August 17, 2001 in the southern Red Sea, a cyclonic eddy (CE) in Novem-

ber 2011 in the northern Red Sea, and an anticyclonic eddy (AE) in April

2010 in the central Red Sea. Sensitivity analysis is applied here to investi-

gate the governing factors that control the intensity and evolution of these

eddies. The eddies are first reproduced by running the MITgcm forward and

their sensitivities to external atmospheric forcing and previous model states

are then computed using the adjoint model. In the experiments, (relative)

surface vorticity (curl of horizontal velocity) are defined as the objective func-

tion. The contributions of forcings and model states are quantified and in-

vestigated. The sensitivities to external forcings are distinct in different eddy

events. The dipole in the central Red Sea is dominantly sensitive to the cross-

basin eastward wind jet. The AE in the central Red Sea is most sensitive to

the along-basin wind stress. The CE in the northern Red Sea is sensitive to

the net heat flux and to surface elevation perturbations even from the re-

mote southern Red Sea, which is attributed to the propagation of baroclinic

Kelvin waves along the coast. Analysis of the sensitivity to model state vari-

ables suggests that these eddies are also modulated by the boundary cur-

rents and the temperature profile distributions.

Keypoints:
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• Study of eddy sensitivities using the adjoint method.

• The first quantitative studies on the mechanisms of eddies in the Red

Sea.

• The first comprehensive discussion on the eddy sensitivities.
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1. Introduction

Circulation in the Red Sea is highly variable and characterized by large surface tem-

perature gradients [Sofianos and Johns , 2007; Yao et al., 2014a, b; Bower and Farrar ,

2015], boundary currents [Zhai et al., 2015; Zhan et al., 2015; Bower and Farrar , 2015],

and multiple recurrent and transient mesoscale and sub-mesoscale eddies filling the basin

[Zhai and Bower , 2013; Chen et al., 2014; Zhan et al., 2014; Papadopoulos et al., 2015;

Zhan et al., 2016]. Eddy activities have been captured by different types of observations,

namely, remote sensing data from projects measuring Sea Level Anomalies (SLA) [Zhai

and Bower , 2013; Zhan et al., 2014; Bower and Farrar , 2015; Raitsos et al., 2017], Sea

Surface Temperature (SST) [Papadopoulos et al., 2015], chlorophyll-a [Raitsos et al., 2013],

Synthetic Aperture Radar (SAR) imagery [Karimova and Gade, 2014], and in-situ obser-

vations [Sofianos and Johns , 2007]. Unfortunately, most of the available observations are

spatially or temporally sporadic and sparse, making any attempt to construct a full pic-

ture of the circulation structure very difficult. The use of numerical models has therefore

become necessary to understand and investigate the general circulation mechanisms and

the activities of eddies in the Red Sea.

Eddies in the Red Sea have been reported to be playing a crucial role in transport-

ing energy, heat, and bio-geo-chemical particles across the basin. The eddies make a

remarkable contribution to the overturning circulation [Yao et al., 2014a, b; Zhan et al.,

2016], plankton blooms [Raitsos et al., 2013; Triantafyllou et al., 2014], species connec-

tivity [Nanninga et al., 2015; Raitsos et al., 2017], brine and discharge diffusion processes

[Zhan et al., 2015], as well as other effects. In particular, a semi-persistent CE in the
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northern Red Sea was reported to have uplifted colder water to the surface and created

a substantial negative SST anomaly that was considered to favor the preconditioning of

intermediate water formation [Papadopoulos et al., 2015]. Many recent efforts have been

focused on studying the underlying mechanisms of the Red Sea eddies. Zhai and Bower

[2013] reported a dipole eddy system responding to a strong wind jet near the Tokar Gap

in summer. Zhan et al. [2014] described the statistical properties and discussed the sea-

sonal variability of the Red Sea eddies using 20 years of remotely sensed altimetry data.

Chen et al. [2014] studied the physical mechanisms of an anticyclonic eddy (AE) in the

central Red Sea and identified the contribution of buoyancy forcing and wind stress to

the formation of the eddy. Zhan et al. [2016] analyzed the Eddy Kinetic Energy (EKE)

budget in the Red Sea based on long-term model outputs and found that the seasonal

variation of the EKE is primarily governed by baroclinic instability associated with the

north-to-south gradient of the net heat flux.

Despite all of these studies, there has been no systematic quantitative exploration of

the sensitivities of the Red Sea eddies to different inputs. The main purpose of this study

is to unravel the influences of various physical aspects of the structure and evolution of

different type of eddies in the Red Sea in a dynamically-realistic and realistic way by

running an Oceanic General Circulation Model (OGCM) and its adjoint. The results are

intended to improve the understanding of the eddy dynamics in the Red Sea and provide

guidance for observational strategies and data assimilation experiments. In addition to

the fundamental aspects of the oceanic circulation, adjoint sensitivity analysis provides

additional insights and a quantitative estimate in space and time of the influence of
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external forcings and model state variables on the specific scalar measure of the quantity

of interest.

Sensitivity analysis can be carried out by integrating a large number of computationally

expensive forward model simulations by adding perturbations in each control variable

with respect to which the sensitivities are computed, or equivalently, under the linear

assumption, by integrating the adjoint of the model backward in time. An important

advantage of the adjoint approach is that only one single backward integration is required

to quantify the sensitivity fields. Moreover, the adjoint model provides the spatial and

temporal distributions of the sensitivities, highlighting the regions of major impact and

the evolution of the sensitivity fields, which may provide new insights into the remote

and local effects on the quantity of interest. Adjoint sensitivity analysis has been widely

used in oceanic studies, from global scales [Marotzke et al., 1999; Ferreira et al., 2005;

Losch and Heimbach, 2007; Qu et al., 2009a, b; Zhang et al., 2011, 2012] to regional scales

[Moore et al., 2009; Veneziani et al., 2009; Gopalakrishnan et al., 2013]. The current

effort presents another application of adjoint sensitivity studies for eddy processes using

an eddy-resolving GCM.

The paper is organized as follows. Section 2 describes the ocean model, and Section

3 introduces the adjoint approach to conduct the sensitivity analysis. The results of the

sensitivity study and the underlying mechanisms are presented in Section 4. A discussion

and summary of the main results are given in Section 5.

2. The Model

A high-resolution Massachusetts Institute of Technology general circulation model

(MITgcm) [Marshall et al., 1997] is configured for the Red Sea. The model domain covers
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the entire Red Sea, the Gulf of Aden and the two gulfs in the north end (the Aqaba and

the Suez), extending from 30◦E to 50◦E and from 10◦N to 30◦N . The model is config-

ured with a 0.01◦ horizontal resolution and 50 vertical z-levels, with the level thickness

gradually increasing from 4-m at the surface to 300-m near the bottom. At the eastern

open boundary placed in the Gulf of Aden, a clamped boundary condition is specified

to constrain the temperature, salinity, and velocity fields using the solution of an ocean

reanalysis from the Estimation of the Circulation and Climate of the Ocean (ECCO)

project [Köhl and Stammer , 2008]. The model is forced with surface wind and fluxes

of heat and freshwater derived from the European Centre for Medium-Range Weather

Forecasts (ECMWF) at a horizontal resolution of 0.75◦; sampled every 6 hours. The

ECMWF dataset provides details on the temporal evolution and spatial distribution that

are unavailable otherwise in low-resolution or climatological products [Bower and Farrar ,

2015].

The model is integrated from 1979 onwards with a time step of 150 s. Statistics of

the SSH and SST from this long-term forward model simulation have been validated

with observations from remotely sensed datasets obtained from the Archiving, Validation

and Interpretation of Satellite Oceanographic (AVISO), SSH (The altimeter products were

produced by Ssalto/Duacs and distributed by Aviso+, with support from Cnes available at

https://www.aviso.altimetry.fr/duacs/), and Advanced Very High Resolution Radiometer

(AVHRR) SST datasets (not shown). More details on model validation are referred to Yao

et al. [2014b] and Toye et al. [2017]. To conduct the sensitivity analysis for different eddy

events, three segments are extracted from the long-term simulation, with each lasting for
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a period of 30 days. The three segments are initialized on July 18, 2001, October 09,

2011, and March 30, 2010, respectively.

The adjoint model of the MITgcm is generated by automatic differentiation with the

Transformation of Algorithms in the FORTRAN (TAF) compiler [Giering and Kaminski ,

1998; Heimbach et al., 2002], which, as a transformation tool, applies the chain rule

to the model code to automatically generate the tangent linear model and its adjoint

[Heimbach et al., 2005]. The generated adjoint code allows the integration process to be

split into several cycles to fit different applications and computers. The software has been

extensively used to construct adjoint codes for the MITgcm for various sensitivity studies,

(e.g., Marotzke et al. [1999]; Zhang et al. [2012, 2011]; Gopalakrishnan et al. [2013]).

3. Adjoint Sensitivity

The forward sensitivity analysis is efficient when only a few perturbations need to be

considered since the impact of only one specific input perturbation on the output is deter-

mined with a single forward simulation. In general, forward model sensitivity is difficult

and inefficient, because the model is unlikely to predict which controls/state variables

have the most influence on oceanic circulation. Therefore, a given forward model experi-

ment may not relate to the most significant variables or processes. Consequently, a large

number of perturbed forward model simulations that vary in magnitude and geographic

location would have to be made to enumerate a complete temporal and spatial picture,

which becomes practically impossible.

Within the system’s bounds of linearity, an adjoint sensitivity analysis is, however, much

more efficient since a single adjoint simulation replaces numerous perturbed forward sim-

ulations to quantify the impulse-response relationship. The principle of the adjoint sensi-
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tivity analysis and its application to ocean and atmospheric processes has been discussed

extensively by Hall et al. [1982]; Rabier et al. [1992]; Errico and Vukicevic [1992]; Errico

[1997]; Lyu et al. [2018]. Briefly, an input vector x is advanced by a nonlinear model m

with the output state vector y = m(x) = mN(...〈m2{m1[m0(x)]}〉...), and its 1st-order

Taylor approximation can be expressed as

y′i =
∑
j

∂yi
∂xj

x′j.

The linear operator
∑

j
∂yi
∂xj

is the Tangent Linear Model (TLM) for the perturbation

quantities x′j. Applying the chain rule to a given objective scalar (also called “cost”)

function of the state vector y, J = J(y) = J [m(x)] yields the linear relationship for

gradients,

∂J

∂xj
=

∑
i

∂yi
∂xj

∂J

∂yi
,

where the operator
∑

i
∂yi
∂xj

is essentially the transpose of the TLM, i.e., the adjoint model.

The TLM and adjoint models are linear equations derived from the nonlinear OGCM

describing the evolution of a perturbed state δy, or equivalently, δJ . In an ocean model,

this perturbation arises from uncertainties in the previous state variables/parameters

(e.g., initial/boundary conditions, forcings, model parameters, among others). If these

uncertainties are small enough compared to the background quantities, their evolution

can then be approximated by a TLM over a certain period of time. The adjoint model

is integrated backward in time to trace the influences that led to a particular δJ , by

calculating the partial derivatives of J with respect to the model state variables and the

control variables at any given time, ∂J/∂xj. This approach naturally suits the sensitivity

analysis, and provides the direct dependencies of J on the uncertainties of interest. The

adjoint sensitivity solution is determined by the full dynamics described by the forward
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model and provides a different perspective to understand how sensitive the objective

function is to the control/state variables of past inputs over the entire model domain.

4. Sensitivity Experiments and Results

To carry out the adjoint sensitivity analysis, some metrics of objective function need

to be defined based on physical processes. For an eddy problem in the ocean, vorticity

(ω = ∂v
∂x
− ∂u

∂y
= curl # »vh) is the most commonly used quantity to describe the intensity of

circulation in the respect of change in the horizontal dynamics [Hunt et al., 1988; Weiss ,

1991]. In this study, the objective function is defined using the the magnitude of surface

vorticity averaged over a day (“target day”) and is spatially averaged with uniform weight

over a target region covering an eddy, which can be expressed as

J =
1

(t2 − t1)A

∫ t2

t1

∫
A
ωdAdt,

where A is the area, and the time ranged from t1 to t2. The linearity of the system is

examined by performing forward model simulations with small but sufficient positive and

negative perturbations on the surface elevation (δη = 0.05m, as performed by Gopalakr-

ishnan et al. [2013]) over the box area at the initial time. Given the initial surface elevation

from the reference simulation (η0) and the two perturbed simulations (η+ = η0 + δη and

η− = η0 − δη), the difference can be expressed, at every location, as Taylor expansion in

powers of the perturbation

f(η0 + δη)− f(η0) =
∞∑
n=1

f (n)(η0)

n!
(δη)n,

where f represents forecast of a grid point value by the forward model. The first (linear)

term can be approximated by

∆1 = f ′(η0)δη ≈
f(η+)− f(η−)

2δη
δη =

δf1 − δf2
2
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and the second quadratic term by

∆2 =
1

2
f ′′(η0)δη

2 ≈ [f(η+)− f(η0)]/δη − [f(η0)− f(η−)]/δη

2δη
δη2 =

δf1 + δf2
2

,

where δf1 = f(η+) − f(η0) and δf2 = f(η−) − f(η0). The term ∆2 is an approximate

indicator of when the first nonlinear term in the expansion becomes important [Gopalakr-

ishnan et al., 2013]. Evolution of ∆2/∆1 (not shown) reveals that nonlinearity is less

than 10% of the linear term after a one-month simulation, suggesting that the model is

valid in the linear frame for at least one month, over which useful information can be

obtained from the sensitivities calculated by the adjoint model. It is necessary to point

out that the sensitivity values calculated by an adjoint model depend on the grid volume

within the study area [Fukumori et al., 2004]. The sensitivities presented in this study

are normalized by the volume of the corresponding grid points.

4.1. Sensitivity analysis of a dipole in the southern Red Sea

One set of the documented eddies is a dipole eddy system (a CE in the north part and

an AE in the south part) that occurred in August 2001 in the southern Red Sea. This

dipole eddy is reported to be an ocean response to the Tokar Wind Jet [Zhai and Bower ,

2013], which can be identified by the strong wind stress around 18−19◦N (as depicted by

the arrows in Figure 1 c). Oceanic conditions during the same period are reproduced with

a forward model simulation. In this experiment, the model simulation is restarted from

the output of the longer-term simulation on July 28, 2001 in order to get daily snapshots.

The comparison between the forward model outputs with the observations (presented by

Zhai and Bower [2013]) from August 17, 2001 are shown in Figure 1, where an intense

dipole covers a good portion of the basin with the AE slightly stronger than the CE.
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The maximum surface velocities reached up to ∼ 1 m/s. The model results agreed well

with the geostrophic surface current calculated from remote sensing along-track SLA data

and direct Shipboard Acoustic Doppler Current Profilers (SADCP) observations, both in

direction and in magnitude, indicating the model’s adequacy for studying the dipole.

In this adjoint experiment, the objective function is defined as the daily and spatially

averaged surface vorticity on August 17, 2001 (target day) over the box region: 19.3 −

20.3◦N , 38.2−39.4◦E for the CE centered around 19.8◦N , and 18.0−19.2◦N , 38.9−39.9◦E

for the AE centered around 18.6◦N , as indicated in Figure 1. The location of the boxes

are chosen to cover the core of each eddy of the dipole. By definition, an increase in the

objective function strengthens a CE (when the positive value of CE vorticity increases

to a larger absolute value), but weakens an AE (when the negative value of AE vorticity

increases to a smaller absolute value). To integrally represent the intensity of the dipole,

a joint objective function Jdipole is calculated as

Jdipole = JCE − JAE,

where JCE and JAE represent the objective function for the CE and AE, respectively. The

joint objective function is defined in such a way that the dipole became intensified with

an increase in Jdipole, and weakened with a decrease in Jdipole.

The gradient of Jdipole to different model controls represents the adjoint sensitivity,

which can be interpreted as how much the objective function (Jdipole) would change for

a given unit control perturbation. For example, positive/negative sensitivities of Jdipole

to zonal wind stress τx, indicates an increase/decrease of Jdipole for a unit perturbation

of τx at an earlier time in the model. More specifically, if the τx over a given single grid

cell is perturbed for a given day by one standard unit (1Nm−2), the Jdipole on the target
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day will change by the value of the sensitivity of Jdipole to τx. In addition, by virtue of

the linearity assumption, if more than one perturbation is simultaneously introduced, the

total change in Jdipole can be determined by the sum of the sensitivities from separate

perturbation experiments.

To calculate the sensitivity of the dipole system, the adjoint model is integrated back-

ward in time from the target day (August 17, 2001) for 20 days with two separate objective

functions: 1) JCE and 2) JAE, and the sensitivity of the dipole is computed by the differ-

ence between the sensitivities of experiment AE from experiment CE. The evolutions of the

adjoint sensitivity with respect to external forcings, including net heat flux (∂Jdipole/∂Q),

cross basin wind stress (∂Jdipole/∂τx⊥), and along-basin wind stress (∂Jdipole/∂τy||) on se-

lected days are shown in Figure 2 (a - l). The positive/negative value of net heat flux (Q)

is defined as the loss/gain of heat from/to the ocean.

The objective function is spatially averaged. The distribution of the sensitivity is de-

termined by the circulation and is therefore initiated from the perimeter of the boxes and

gradually diffuses towards both the west and east side of the dipole. A positive/negative

perturbation Q (corresponding to local heat loss/gain) over the area of the CE/AE con-

tributes to a more intensified dipole. A particular spot of cross-basin wind stress at

∼ 19◦N is recognized with the Tokar wind jet boosting both eddies in the dipole. Al-

though the sensitivity spreads out with the flow, the intensity of the dipole is governed

primarily by forcing in the local or surrounding regions. The sensitivity of the Jdipole

to the control variables from the previous days can be derived by temporal integration

of the instantaneous adjoint sensitivity fields. Physically, this means that a 20-day unit

perturbation of a given control variable at a particular grid point would produce a change
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in Jdipole by the corresponding integrated adjoint sensitivity field. Note that the units of

adjoint sensitivity vary across the control variables (Q, τx⊥, τy||) complicating the direct

comparison of sensitivities between different control variables. To make them comparable,

the sensitivities are normalized by the standard deviations δx of the control variables, i.e.,

δJ = δx∂J/∂x. The δJ arising from perturbations in different forcing terms have the

same unit and represent the immediate quantity of the sensitivity with variations typical

of those encountered in the real ocean. As shown in Figure 2 (m - o), the integrated

sensitivity to external forcing varies significantly in magnitude. The sensitivity to Q is

locally confined, suggesting that the dipole can be affected only by perturbations of Q in

the surrounding regions and those impact from remote areas can be neglected. Specifi-

cally, as shown by the red patches (positive values) inside the CE (at ∼ 19.8◦N , north of

the dipole) and the blue patches (negative values) around the CE in Figure 2 (m). This

suggests that the cold-core CE would be enhanced if a positive perturbation is added to

the Q inside the eddy, which corresponds to additional heat loss yielding cooler SST and

lower elevation than the waters outside the eddy. The stronger gradient would accelerate

the rotation of water and favor a stronger cyclonic eddy. The sensitivity distribution

and associated physical interpretation for the warm-core AE (at ∼ 18.6◦N) are just the

opposite to those of the CE.

The sensitivity to wind stress extends to a much broader domain off the target box.

The comparison of the magnitude of different sensitivities suggests that the dipole is more

sensitive to wind stress than to net heat flux. In particular, the positive sensitivity to

cross-basin wind stress coincides with the region subjected to the Tokar wind jet, where

the wind blows almost directly offshore across the basin (Figure 1 c). The wind curl
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is positive to the north and negative to its south. As the wind-deduced Ekman rate

has the same sign as the wind stress curl, the thermocline is pumped/depressed to the

north/south of the wind jets, yielding a thinner/thicker layer of warm water indicated

by a lower/higher SLA. A dipole can be thus generated due to geostrophic adjustment

[Zhai and Bower , 2013]. Therefore, although the sensitivity to cross-basin wind stress

(∂Jdipole/∂τx⊥, Figure 2 n) and along-basin wind stress (∂Jdipole/∂τy||, Figure 2 o) are

comparable in magnitude, the actual driver is likely to be by the cross-basin components.

We further examine the sensitivity of Jdipole to the model state variables in Figure

3. The last column in Figure 3 (a - p) represents the sensitivity at -20 days (July 28,

2001), i.e., the sensitivity to initial conditions in this simulation. As anticipated, the

intensity of the dipole is closely linked to variations in the local sea surface elevation (η).

The sensitivity extends smoothly upstream with the horizontal circulation represented by

the velocity fields, suggesting the contribution of η during previous model steps, where

a negative perturbation in η would favor the CE, and a positive perturbation would

intensify the AE. This sensitivity remains significant even three weeks before the target

day. Positive/negative perturbations added to the sea surface elevation would lead to

anticyclonic/cyclonic circulation that is well maintained during this period. Evolution

of sensitivity to surface salinity (∂Jdipole/∂S) is shown in Figure 3 (e - h). A positive

perturbation in the surface salinity contributes to salty dense water in the upper layers,

and hence corresponds to a stronger CE. In contrast, a negative perturbation in the surface

salinity would favor an AE. The signals originate from the perimeters of the boxes with

a clear boundary and turn to get mixed as time progresses backward. Inside the green
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and yellow contours, the red and blue patches are quite dominant within the two eddies,

respectively, suggesting that their structures remain integrated during this period.

The horizontal circulation indicates that the AE is propagating northward during the

simulation. This is reflected in the sensitivity to along-basin velocity south of the dipole

(∂Jdipole/∂v||, as shown in Figure 3 i - l). The positive/negative sensitivity suggests that

the dipole would be enhanced if a northward/southward perturbation is added to the

along-basin current. The evolution of sensitivity reveals a clear signal of the AE that

becomes more significant as time progresses backward, and is influenced by the velocity

in deeper layers (0 - 100m), although the objective function is defined by the surface

vorticity. These perturbations would intensify AE and further enhance the dipole as

it propagates northward towards the box. Figure 3 (m - p) shows the sensitivity to

temperature across the dipole. In general, the dipole would be enhanced if the inner

AE/CE gets warmer/colder. Within the first week of the adjoint backward integration,

the sensitivity is primarily barotropic. When integrating the model backwards more than

two weeks, more noticeable positive/negative sensitivities are found in the deeper basin.

Stronger and deeper lobes of opposite sign gradually appear at longer time lags, resembling

lower baroclinic modes. The sensitivity of the AE (centered at ∼ 18.6◦N) penetrates

deeper than that of the CE (centered at ∼ 19.8◦N), following the 28oC isotherm (dashed

contours in Figure 3 q - t), which approximates the thermocline depth [Zhai and Bower ,

2013] during the simulation period. Consistent with the Ekman effect with different sign

of wind curl, a positive perturbation in temperature would result in a thicker layer of

warm water corresponding to a higher SLA and a stronger AE, while the processes are

just the opposite for a stronger CE.
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4.2. Sensitivity analysis of a CE in the northern Red Sea

A semi-persistent CE in November 2011 was reported in the northern Red Sea that may

have contributed to producing the lowest observed SST in the last 12 years [Papadopoulos

et al., 2015]. This CE circulation uplifted colder water to the surface and created a

substantial negative SST anomaly over the northern Red Sea. This type of event is

considered to favor preconditioning of intermediate water formation [Sofianos and Johns ,

2003] and to fertilize the oligotrophic surface layers with the nutrient-rich deeper layers

[Williams , 2011; Gittings et al., 2017]. The CE prevailing over the northern Red Sea has

been documented by several observational and modeling studies [Eshel and Naik , 1997;

Clifford et al., 1997; Sofianos and Johns , 2007; Yao et al., 2014a, b; Triantafyllou et al.,

2014].

To study the adjoint sensitivity analysis of the CE in November 2011, a forward model

is integrated to reproduce the event. The model is restarted on October 9, 2011 using the

same day outputs of the long-term simulation. The model results show a clear cyclonic

feature and agrees well with the remotely sensed observations from the AVISO SLA for the

same period (Figure 4, and Figure 10 of Papadopoulos et al. [2015]). We focus on exploring

the adjoint sensitivity of this eddy, and more broadly, on identifying the controls that are

responsible for the evolution of this eddy. Similar to the last experiment, the objective

function is calculated using the daily mean surface vorticity from the last day of the

simulation (November 8, 2011); spatially averaged over the box region (26.8 − 27.8◦N

34.0− 35.2◦E), as indicated in Figure 4.

Figure 5 shows the sensitivity to net heat flux (∂J/∂Q), cross-basin, and along-basin

components of wind stress (∂J/∂τx⊥ and ∂J/∂τy||) for the days preceding the target day.
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The evolution of the sensitivities to net heat flux (Figure 5 a - d) and cross-basin wind

stress (Figure 5 e - h) are locally distributed around the box throughout the backward

simulation, while the sensitivities to along-basin wind stress (Figure 5 i - l) are generally

advected downstream with increasing time lag. Figure 5 (m - o) compares the normalized

temporally integrated sensitivity to all external forcings. A noticeable difference from the

eddy dipole experiment (Figure 2 m - o) is that, the sensitivity to Q is at least of the

same order, if not larger, as that to the wind stress, suggesting that buoyancy forcing

and wind stress have comparable influences on the eddy. The CE has a cold core in the

center that would be intensified if subjected to local heat loss inside the CE (with positive

net heat flux, Figure 5 m). The sensitivity to cross-basin wind stress is weaker than the

along-basin wind stress. It is important to point out that, other than the surface stress,

the winds also contribute to heat exchange. The effect is particularly significant during

winter, when cross-basin wind jets can bring cold and dry air that leads to enhanced

evaporation and ocean heat loss [Jiang et al., 2009]. This is reflected in the sensitivity to

net heat flux (Figure 5 m).

The evolution of the sensitivity to surface elevation (∂J/∂η in Figure 6 a - d) outlines

a consistent negative sensitivity in and around the box and in the Gulf of Suez, but a

positive sensitivity propagating downstream along the Saudi coast with increasing time

lag, which took about one week or more to propagate from the target box to the central

basin. The sensitivity co-exists with a positive sensitivity along the Saudi coast with

respect to the along-basin current that extended vertically to a depth of about 150 m

(∂J/∂v|| in Figure 6 e - h). This suggests that a positive perturbation added to the existed

northward velocity (as shown by the yellow batches in Figure 6 i - l) would enhance the
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CE. More frequent snapshots (not shown) and the Hovmöller diagram along the Saudi

coast (Figure 7) of the sensitivity fields with respect to surface elevation clearly show the

southward propagation of the sensitivities from the northern Red Sea target region with

increasing time lag. This is analogous to a northward propagating signal in the forward

simulation. That is, a perturbation to the surface elevation in the southern Red Sea can

propagate along the Saudi coast and reach the northern Red Sea target region within a

time of about 15 days. This propagation speed, ranging from 0.9 - 1.6 m/s, coincides with

the local phase speed of the first baroclinic mode Kelvin wave along the depth-varying

Saudi coast. The physical mechanisms responsible for this sensitivity propagation could

be explained accordingly: a remote positive surface elevation perturbation can excite a

baroclinic Kelvin wave that propagates northward along the Saudi coast. The northward

propagating Kelvin wave is accompanied with an elevated water level at the Saudi coast

when the perturbation amplitude is positive, and hence a northward geostrophic current.

This would favor the circulation of the CE and increase its vorticity when the wave reaches

the northern end of the basin.

Figure 6 (m - p) shows the sensitivity to temperature (∂J/∂T ) across the CE superim-

posed with a 23 ◦C isotherm that domes at the center of the CE. At -2 days, the uniform

vertical signal shows a primarily barotropic sensitivity. At -4 days, however, the sensitivity

starts to exhibit a broad vertical baroclinic mode, suggesting the eddy is strongly affected

by both the horizontal and vertical structure of the water temperature. In addition, the

sensitivity of this CE is more stronger and extends deeper than that of the dipole (Figure

3 m - p). This is not only due to the CE being stronger with a steeper vertical structure

(Figure 3 q - t and Figure 6 q - t), but also due to its origin in the northern Red Sea where
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the basin is deeper and wider with low temperature waters during winter. In addition,

from Figure 6 (m - p), the CE would become stronger with colder deep water near the

north end of the basin, as represented by the blue patch at ∼ 27.5◦N , and Yao and Hoteit

[2018] has reported that the cold water over that region is likely formed by sinking of

outflow originated from the Gulf of Suez and Gulf of Aqaba in winter. For this eddy

event, the sensitivity to salinity has similar magnitude of that to temperature, however,

the variations in salinity is much smaller (not shown). As a result, the effective sensi-

tivity (normalized by standard deviations) to salinity is significantly weaker compared to

temperature (not shown).

4.3. Sensitivity analysis of an AE in the central Red Sea

Another reported eddy event is an AE in the central Red Sea that occurred in April 2010.

This event was captured by different types of observations, including surface drifters, satel-

lite altimetry, and an in-situ Conductivity-Temperature-Depth/Acoustic Doppler Current

Profiler (CTD/ADCP) [Chen et al., 2014]. A detailed investigation of the physical pro-

cesses responsible for the formation of this eddy is presented by Chen et al. [2014]. In

their study, outputs from forward model experiments using different forcing and initial

conditions were analyzed to identify the factors that govern the formation of the AE eddy,

which was essentially a forward sensitivity study on the formation and evolution of the

eddy. Meanwhile, our study is more focused on examining the factors that affect the

evolution of the eddy. That is, given that the eddy is reproduced in the forward model,

we focus on the controls that affects the eddy circulation by analyzing the sensitivities

from the adjoint model simulation.
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A 30 day forward model simulation is re-performed on March 30, 2010 using the solu-

tions from a long-term model simulation. Figure 8 shows that the monthly-mean surface

currents from the model simulation is consistent with the surface drifter trajectories col-

lected in April 2010. The model-data comparison suggests that the model successfully

reproduces the observed AE in term of location, size, and intensity.

The complex eddy circulation and its development and persistence over longer duration

[Chen et al., 2014] makes it difficult to attribute the eddy formation processes to a single

mechanism, such as baroclinic instability, or flow over a restricted topography. For the

adjoint sensitivity study of this AE event, the objective function J is defined as the daily

mean of the surface vorticity, similar to the other adjoint experiments, but used with

inversed sign, and is spatially averaged over the box region (22.4−23.4◦N , 36.9−38.1◦E)

on the target day (April 29, 2010). The inversed sign of J is used to keep the representation

of the adjoint sensitivities consistent with other eddy experiments, such that an increase

in J corresponds to an eddy enhancement, while a decrease in J corresponds to an eddy

weakening. The adjoint model is simulated backward for a 30 day period.

The backward temporal evolution of the sensitivity to net heat flux (∂J/∂Q), cross-

basin, and along-basin components of wind stress (∂J/∂τx⊥ and ∂J/∂τy||) are shown in

Figure 9 (a - d), Figure 9 (e - h), and Figure 9 (i - l), respectively. The adjoint sensitivity

patterns to the external forcings are complex and exhibit considerable temporal variabil-

ity that generally fades away as time progresses backward. All these sensitivities are

clearly related to the background circulation, which advects southward along the Egyp-

tian/Sudanese coast and diffuse across the basin. The temporally integrated normalized

sensitivities (Figure 9 m - o) marks the pronounced influence of along-basin wind stress
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on the AE, which is significantly larger than the cross-basin wind stress. The sensitivity

to Q are distributed locally around the AE. The warm-core eddy would get stronger if

the ocean gains additional heat locally. All the sensitivities propagates downstream along

the western coast of the basin, indicating that perturbations introduced to the region

south-west of the box would influence the AE through the western coastal currents that

propagates northward along the Egyptian/Sudanese coast [Sofianos and Johns , 2003; Yao

et al., 2014a; Zhai et al., 2015].

Sensitivities to the model state variables are illustrated in Figure 10. Immediately

before the target day, regions of positive sensitivity to the surface elevation (∂J/∂η, in

Figure 10 a) are surrounded by negative sensitivity along the perimeter of the box. The

positive/negative sensitivities spread out across the basin as time progresses backward,

and a locally positive sea surface perturbation would lead to a stronger AE. The vertical

distribution of meridional velocity (Figure 10 i - l) across the basin south of the box region

(represented by the gray line in Figure 10 a) shows that northward currents exist along

both the Egyptian/Sudanese coast and Saudi coast. Whereas the sensitivity to meridional

velocity (∂J/∂v||, in Figure 10 e - h) is confined mostly to the Egyptian/Sudanese coast

in the upper layers (0 - 100 m), suggesting an active interaction between the AE and the

northward propagating western boundary current. Figure 10 (m - p) show the evolution

of the sensitivity to temperature (∂J/∂T ) at a section across the AE (represented by the

black line in Figure 10 a), and Figure 10 (q - t) illustrate the corresponding snapshots of

temperature (in color) and along-basin velocity (in black and white lines).

Despite that the objective function is defined by the surface vorticity, the maximum

sensitivity is found at a depth of about 300m with more than two weeks time lag before the
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target day, suggesting that the AE penetrates into the deeper layers due to baroclinicity.

As indicated by the strong sensitivities of ∂J/∂T in Figure 10 (m - p), temperature

perturbations during the preceding weeks with a large horizontal sensitivity gradient would

result in a more tilted isotherm between ∼ 100 m to ∼ 450 m. This pattern is consistent

with the evolution of temperature, as shown in Figure 10 (q - t), particularly indicated

by the 22◦C isotherm that becomes steeper and also gets reflected by the northward

velocity that extends deeper, both occurring at 37◦E. This indicates that the temperature

perturbations as depicted in Figure 10 (m - p) would yield a pronounced depression of

isotherm at the center of eddy and generate stronger northward velocity on the western

edge and southward velocity on the eastern edge of the eddy, resulting in a stronger AE.

The presence of baroclinicity is also confirmed by estimating the baroclinic growth rate

using the outputs of the forward simulation, with

σ = f

√
1

H

∫ 0

−H

1

Ri(z)
dz,

where Ri denotes the Richardson number [Smith, 2007; Zhan et al., 2014], computed using

the profiles of temperature and salinity in the upper 450 m. As shown in Figure 10 (u -

x), higher values of growth rate extending along the southwest boundary evolves inside

the box region, corresponding to the cross-section profiles where the baroclinic mode are

located in Figure 10 (m - p). By definition, the σ is negatively proportional to Ri, and a

decrease in Ri is generally associated with an increase in the propensity of the baroclinic

instability [Stammer , 1998]. Therefore, it is likely that baroclinicity plays an important

role in the development of this AE.
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5. Discussion and Summary

The MITgcm and its adjoint model are used to investigate the sensitivity of three

marked eddy events reported in the Red Sea, namely an eddy dipole on August 17, 2001

in the southern Red Sea, a CE in November 2011 in the northern Red Sea, and an AE in

April 2010 in the central Red Sea. Although the simulated ocean circulation may not be

able to represent the wide range of realistic ocean features, the forward and adjoint model

provides a robust test bed for tracing the dynamical influences on typical eddy realizations

in the Red Sea. Under the assumption that the evolution of the ocean state is linear over

the period of analysis, the adjoint sensitivity gives the rate of change of the objective

function with respect to the control variables and state variables at earlier time steps. In

this study, three experiments are carried out for these distinct cases of eddy activities in

the Red Sea. To grasp the key features of an eddy, the objective function for these adjoint

experiments is defined as the surface vorticity averaged on the last day (target day) of the

forward model simulation over the eddy domain defined by a box region.

The summer dipole system in the southern Red Sea is found to be primarily sensitive

to the wind stress, particularly across-basin wind stress. Investigation on the physical

mechanism suggests that the Tokar wind jet that blows across the basin during the summer

period is likely to be the key driver of the dipole. Beyond that, the intensity of the dipole

is also determined by the surface elevation and boundary currents at previous times.

The adjoint sensitivity analysis provides strong evidence and reconfirms Zhai and Bower

[2013]’s conclusion that the wind jet is the main mechanism that determines the strength of

the dipole. In addition, this analysis answers their remaining questions regarding whether

the dipole is sensitive to, if any, locally enhanced air-sea fluxes. Our results suggest that,
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quantitatively, the eddy dipole intensity is less sensitive to local net heat flux than to

wind stress. Additionally, the influence of the ocean states at previous times on the eddy

dipole cannot be neglected. It is noticed that the sensitivity of the AE penetrates deeper

than the CE. Also the intensity of the dipole is sensitive to the vertical distributions of

temperature at previous time steps.

The CE in the northern Red Sea is however more likely modulated by the net heat flux

than the wind stress throughout the backward simulation, suggesting that the CE may

be closely related to the local baroclinic instability resulting from the buoyancy forcing.

When the local net heat flux is positive, the heat loss from the ocean results in upper

ocean cooling and the potential energy may be balanced by a tilted thermocline. The

kinetic energy can be boosted when the baroclinic instability is triggered by a smaller

Richardson number. This is consistent with the previous understandings of the general

physical processes of eddies in the northern Red Sea [Zhan et al., 2016]. Another differ-

ence between this CE experiment from the eddy dipole realization is that the sensitivity

to along-basin wind stress is larger than the cross-basin wind stress. Meanwhile, a per-

turbation to the surface elevation initiated at the south-eastern Red Sea would propagate

northward along the Saudi coast with a phase speed equivalent to the first baroclinic mode

of the coastal Kelvin wave, which eventually results in a northward propagating eastern

boundary current that strengthens the CE in the northern end of the Red Sea by closing

the circulation. In addition, this CE could be intensified with the colder water at depth,

which could be formed when the outflow from the two gulfs is cold and dense enough to

sink down at the north end of the basin.
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The AE in the central Red Sea is most sensitive to the along-basin wind stress among

other external forcings. Regulated by the mountains on both the east and west coasts, the

winds over the central Red Sea blow orographically along the axis of the basin. The wind

speed is affected by large scale atmospheric conditions over the Mediterranean Sea and the

northern Indian Ocean [Langodan et al., 2017]. In addition, during winter, the northwest

winds meet the southeast winds in the central Red Sea to form the Red Sea convergence

zone [Viswanadhapalli et al., 2017]. This pattern shifts in April to the summer regime

when the northwest winds dominate the entire basin. This confrontation of converging

winds bring larger variability to the along-basin wind stress. Although the direct sen-

sitivities to both components of wind stress are comparable, the normalized sensitivity

to along-basin wind stress is more significant than to the cross-basin wind stress due to

its larger variability. We also found that the intensity of this AE can be affected by the

northward propagating western boundary current along the Egyptian/Sudanese coast,

suggesting it can be influenced by boundary currents from outside the domain propagat-

ing through [Sofianos and Johns , 2003; Yao et al., 2014b; Zhai et al., 2015]. In addition,

this AE is sensitive to the temperature at deeper layers with time lag of more than one

week and shows a prominent baroclinic feature, suggesting its dependence on the vertical

temperature structure.

Eddies are commonly observed phenomena in the Red Sea [Zhan et al., 2014, 2016;

Toye et al., 2017]. The three reported eddy experiments provide a test bed to diagnose

the factors that govern the evolution of eddies through sensitivity analysis. With the

adjoint method, one can identify the model controls that may have a pronounced impact

on a particular eddy, and also acknowledge what to expect from small-scale uncertainties
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that are inevitably present in the forcing or initial conditions. In all the adjoint sensitivity

experiments, the eddies exhibit complex flow-dependent sensitivities and the evolution of

the eddies is influenced by both the three-dimensional structure of the state variable as

well as the model controls. A full description of time-evolving sensitivity further helps to

identify the mechanisms that influence eddy circulation. To make a good representation

and to ensure better forecasting of the Red Sea eddies, one therefore needs to focus on

the particular processes that affect eddy activity.
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Figure 1. (a) Forward model outputs of the surface elevation (in color) superimposed with the

surface current (black arrows) in the southern Red Sea on August 17, 2001 (the target day). The

light/dark gray boxes show the areas where the objective function of the CE/AE are computed.

(b) ADCP velocity from the in-situ observation at 22 m depth and geostrophic current calculated

from GFO along track SLA. The in-situ data were obtained on August 13, 2001, and the GFO

track-227 passed the Red Sea on August 17, 2001. The ADCP data were kindly provided by S.

Sofianos. (Zhai and Bower [2013], Figure 7) (c) Mean wind stress curl (in color) superimposed

with wind stress (black arrows).
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Figure 2. Evolution of the adjoint sensitivity, backward in time (from left to right) with respect

to net heat flux (∂Jdipole/∂Q, a-d), cross-basin wind stress (∂Jdipole/∂τx⊥, e-h), and along-basin

wind stress (∂Jdipole/∂τy||, i-l) on the days preceding the target day. The green/yellow contours

mark the -0.05m/0.06m SSH isocline on the day of the snapshot. The arrows in (e) and in (i)

show the cross-basin and along-basin directions, respectively. (m - o), temporal integration of

the sensitivity to the external forcings normalized by the standard deviation of the corresponding

variables.
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Figure 3. (a - d) The adjoint sensitivity to surface elevation (∂J/∂η). (e - h) The adjoint sensitivity
to surface salinity (∂J/∂S). The arrows in (a - h) show the surface current, and the green/yellow
contours mark the -0.05/0.06 m SSH isocline. (i - l) Profiles of the adjoint sensitivity to along-basin
velocity (∂J/∂v||) at the section south of the dipole as indicated by the grey line in (a). Profiles at the
section across the dipole as marked by the black line in (a): (m - p) the adjoint sensitivity to temperature
(∂J/∂T ); (q - t) the temperature from forward simulation outputs, where the black dashed contours
depict the 28 oC isotherm and the black and white contours mark the 0.1 and -0.1 ms−1 isocline of
cross-basin velocity, respectively.
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Figure 4. (a) Model outputs of the surface current (black arrows) and SST (in color) in the

northern Red Sea on November 8, 2011 (the target day). The gray box shows the area where

the objective function of the CE is computed. The yellow arrows plot the geostrophic current

derived from the along-track absolute dynamic topography on the same day. (b) The gridded

geostrophic current on November 8, 2011 is provided by AVISO (black arrows) and the remotely

sensed SST is provided by AVHRR.
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Figure 5. Evolution of the adjoint sensitivity, backward in time (from left to right) with respect

to net heat flux (∂Jdipole/∂Q, a-d), cross-basin wind stress (∂Jdipole/∂τx⊥, e-h) and along-basin

wind stress (∂Jdipole/∂τy||, i-l) on days preceding the target day. The green contours mark the

-0.16m SSH isocline on the day of the snapshot. (m - o), temporal integration of the sensitivity

to the external forcings normalized by the standard deviation of the corresponding variables.
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Figure 6. (a - d) The adjoint sensitivity to surface elevation (∂J/∂η), where the green contours
mark the -0.14 m SSH isocline.
Profiles at the section south of the CE as indicated by the grey line in (a): (e - h) the adjoint sensitivity
to along-basin velocity (∂J/∂v||); (i - l) the along-basin velocity from forward simulation outputs, where

the black and white contours mark the 0.2 and -0.2 ms−1 isocline of along-basin velocity, respectively.
Profiles at the section across the CE as marked by the black line in (a): (m - p) the adjoint sensitivity
to temperature (∂J/∂T ); (q - t) the temperature from forward simulation outputs, where the black
dashed contours depict the 22 and 23 oC isotherm and the black and white contours mark the 0.2 and
-0.2 ms−1 isocline of cross-basin velocity, respectively.
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Figure 7. (a) Temporal integration of ∂J/∂η × δη. The gray box shows the area where the

objective function of CE is computed. (b) Hovmöller diagram of ∂J/∂η × δη along the Saudi

coast as indicated with the green curve in (a).
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Figure 8. (a) Model outputs of the surface current averaged in April 2010. The gray box

shows the area where the objective function of the AE is computed. (b) Trajectories of the

surface drifters in April 2010. (Chen et al. [2014], their Figure 2)
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Figure 9. Evolution of the adjoint sensitivity, backward in time (from left to right) with respect

to net heat flux (∂Jdipole/∂Q, a-d), cross-basin wind stress (∂Jdipole/∂τx⊥, e-h) and along-basin

wind stress (∂Jdipole/∂τy||, i-l) on days preceding the target day in April 2010. The green contour

marks the 0m SSH isocline on the day of the snapshot. (m - o), temporal integration of the

sensitivity to the external forcings normalized by the standard deviation of the corresponding

variables.
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Figure 10. (a - d) The adjoint sensitivity to surface elevation (∂J/∂η).
Profiles at the section south of the AE as indicated by the grey line in (a): (e - h) the adjoint sensitivity
to meridional velocity (∂J/∂v||); (i - l) the meridional velocity from forward simulation outputs, where

the black contours mark the -0.2 ms−1 isocline of meridional velocity, respectively.
Profiles at the section across the AE as marked by the black line in (a): (m - p) the adjoint sensitivity
to temperature (∂J/∂T ); (q - t) the temperature from forward simulation outputs, where the black
dashed contours depict the 22 and 23 oC isotherm and the black and white contours mark the 0.2 and
-0.2 ms−1 isocline of cross-basin velocity, respectively.
(u - x) The baroclinic energy conversion rate integrated over the upper 450 m.
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