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Topics covered In this lecture

* Why couple to a dynamic ocean?
— Ocean coupling in the ECMWEF Integrated Forecasting System (IFS)
— Role of the oceans in Earth System Predictability
— Timescales of ocean-atmosphere interaction
» Oceanography fundamentals (extra slides at the end of the lecture)
— Features of the global ocean circulation
— Governing equations and important balances
« Examples of air-sea interaction and its scale-dependence
— Tropics vs mid-latitudes
» Challenges for coupled ocean-atmosphere forecasting
— Horizontal resolution

— Initializing the ocean state
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Things that are not covered In this lecture

 Discussion of the MJO — see lecture by Frederic Vitart

 Detailed discussion of ENSO — see lecture by Magdalena Balmaseda
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Why use a coupled model?
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The ECMWEF Integrated Forecasting System (2020)

Coupled IFS

Atmosphere (IFS cycle 46R1)

Waves (ECWAM) ] Land (HTESSEL) |
IFS to NEMO:
 Radiation
Net precipitation
NEMO to IFS: .
S STO Wind stress

: . Other terms for ice thermodyn.
Sea-ice concentration (+ other)

Surface currents

Ocean (NEMO v3.4)

Tripolar ORCAO025 grid: ~0.25 degrees (~25 km)
75 vertical levels (~1m at surface)
20 minute time-step
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« All operational configurations of ECMWF IFS
include dynamic representations of the ocean,

atmosphere, sea ice, land surface, and ocean

waves.

« Sub-models exchange information hourly

* The IFS single-executable coupling strategy is
described by Mogensen et al. (2012), EC Tech
Memo 673.

* |FS cycles are documented on the ECMWF
website: https://www.ecmwf.int/en/publications/ifs-
documentation.

* An overview of the IFS coupled model is
available in Roberts et al. (2018), Geoscientific
Model Development, 11, 3681-3712.


https://www.ecmwf.int/en/publications/ifs-documentation
https://www.ecmwf.int/en/publications/ifs-documentation

20°N

How does the ocean contribute to Earth System Predictability?

1) Coupling. Inclusion of a dynamic ocean allows ocean-atmosphere feedbacks.

(a) Uncoupled

Figure 9. Five day SST forecast (shades) from 5 July 2014 and SST observations 9 July 2014 00 UTC (symbols). All SST's are in °C.
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» Case study of tropical cyclone
Neoguri (2014).

« 5-day SST forecasts
with/without ocean coupling.

* Inclusion of a dynamic ocean

® Best track

allows simulation of a strong
cold wake, which in turn
impacts the evolution of the
overlying cyclone.

Citation: S

Mogensen, K. S., L. Magnusson, and

J.-R. Bidlot (2017), Tropical cyclone

sensitivity to ocean coupling in the

ECMWF coupled model, J. Geophys.

Res. Oceans, 122, 4392-4412, 6
doi:10.1002/2017)C012753.



How does the ocean contribute to Earth System Predictability?

2) The ocean has a long “memory”. Relative to the atmosphere, the ocean has a large heat
capacity and much slower adjustment time-scales, which become important at longer lead times.

hOcc (verified against EA) PERICD: 600-768 h9ne (verified against ocean5) PERIOD: 600-768
CORR: 2-metre temperature CORR: Sea surface height
1989-2015 1989-2016

2 B B & B E B g 3 5 &5 &5 & § 3 §
6 6 oo o 6 o6 o6 o= = = = = = = = =

Week 4 anomaly correlation for near- Week 4 anomaly correlation for sea
surface (2m) atmospheric temperature. surface height (largely determined by
ocean heat content).
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How does the ocean contribute to Earth System Predictability?

3) Predictable ocean dynamics.

Predictable ocean dynamics play an important role in
modes of coupled ocean-atmosphere variability (e.g.
ENSO).

Time Evolution for the Idealized Experimental Kelvin and Rossby Waves Across the Pacific

25 days

aaaaaaaaa

This example shows an idealized model response to
a wind stress anomaly associated with El Nino
conditions.

T — The panels show an initial eastward-moving Kelvin
wave and westward propagating Rossby waves
followed by reflection/propagation at the boundaries.

R R ‘ See “delayed oscillator theory” (Battisti and Hirst,
1989; Suarez and Schopf, 1988).

This type of large-scale equatorial wave dynamics is
well-resolved by global ocean models.

----------

Image credit: Introduction to Tropical Meteorology, 2" Edition.
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Timescales of ocean-atmosphere interaction

S weaner

Climate variability

Diurnal cycle (SSTs Madden-Julian  Eduatorial wave dynamics Mid-latitude Rossby waves ~ Ocean heat
and interaction with Oscillation (MJO) Gyre dynamics uptake (SLR)
convection) . _—
. El Nino-Southern Oscillation (ENSO) Atlantic multidecadal variability (AMV)
Tropical cyclones
S\,\Lljglaecse Tropical instability Indian Ocean Dipole (I0D) Pacific Decadal Oscillation (PDO)
waves

M Seasonal mixed layer - atantic meridional overturning circulation (AMOC) variability
reemergence
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Oceanography fundamentals (1):
Features of the global ocean circulation
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Ocean vs atmosphere

In many ways the ocean and atmosphere are very similar and can be understood using the same underlying
equations of motion. However, there are some key differences:

1. The oceans have coastlines, which impose boundary conditions to the flow.
2. The heat capacity of the ocean is ~1000 times larger than that of the atmosphere.
3. Ocean is strongly stratified in the vertical, and deep convection is limited to the high latitudes.

4. The ocean is forced from above by the winds and heat/freshwater fluxes. There is no real equivalent to the
diabatic and radiative processes that can interact with the entire atmospheric column.

5. The main challenge of ocean modelling is the representation of small-scale dynamical processes, which
may not be explicitly resolved by the model grid.

6. In contrast, a key challenge in atmospheric modelling is the representation of the complex coupling

between dynamic and thermodynamic processes (e.g. interactions between the resolved flow, radiation,
clouds, convection, and other parameterized processes).
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The wind-driven ocean circulation

Weekly Average SST 2014/04/27 - 201 4/05.’03
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Image credit: Ocean Circulation 2 Edition, The Open University NOAA/ESRL/PSD D 2 4 6 8101214161820222426282930 °C

The horizontal ocean circulation is largely wind driven. It is characterized by large-scale sub-tropical and sub-polar
gyres, intense western boundary currents, coastal upwelling, strong equatorial currents, and the Antarctic Circumpolar
Current.
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Thermohaline and overturning circulations

« The thermohaline circulation (THC) is associated with large scale (vertical) overturning circulations and is driven by fluxes
of heat and fresh water.

« The Atlantic component of the THC is often referred to as the Atlantic Meridional Overturning Circulation (AMOC).

Fram
Strait

Faroe-Shetlang

Channel

w— Surface B Salinity > 36 %
w—— Deep B Salinity < 34 %
(Rahmstorf, Natura 2002) = Bottom © Deep Water Formation
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Ocean heat transports

Overturning circulations play a particularly important role in meridional ocean heat transports: warm water
transported polewards in upper layers is balanced by cold water transported equatorward in deeper layers.

In the Atlantic, the northward heat transport by the vertical overturning circulation is much larger than that by the

horizontal gyre circulation.

Estimates of the globally integrated northward heat transport
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Lotitude N

Atlantic ocean heat transports at 26N
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Image credit: Johns et al. (2011)



Oceanography fundamentals (2):
Governing equations and important properties
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Governing equations for the ocean (+ typical approximations)

advection (non-linear)

u = (u,v, w) = velocity

p = density

p = pressure

T = temperature

© = conservative temperature
S = salinity (mass ratio)

Q,eq = radiative heat flux

¢, = heat capacity of seawater
k = diffusivity

g = effective gravity

(2 = Earth’s rotation rate

f = 2Qsinf = Coriolis parameter

D 0
E_ (E-I-UV)

Heat/salt conservation and

du |, U8U+U8u+w8u o 1 Op P
ot 1" or oy Oz [ pOx r Momentu_m
conservation
v ov ov v 1 Op (F=ma)
Hu Vi + W H fu = —— 5 |
o[ "oz * 8y+ 8z+f p@y+ Y
tendency
dp . . . o
95 —pg  Vertical momentum equation (hydrostatic approximation)
? + % + g_w = () Mass conservation (incompressible, Boussinesq approx)
x Y Z
D®e 1 r00) DS
Dt H’TVZTGPP 0z d Dt ksV2S  p=p(T,S,p)

V aa
- ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

equation of state for seawater



Dimensional analysis Typical values for basin-scale flow

P = pyg = 10* Pa (pressure for 1 m sea surface height)

W =UD/L =1 x 10"° m/s (vertical velocity)

po = 1000 kg/m® (reference density)

— . — = —— = =5 x 10° m (horizontal length)
+u-Vu— fv=

ot £0 Ox U =5 x 1072 m/s (horizontal velocity)

D = 1000 m (vertical length)

T = timescale of interest, s

Zonal momentum (neglect frictional/viscous terms for now)

Zonal momentum (dimensionless) =107 gt
0= S

1\ ou N U o I oo P op’ Dimensionless variables

fOT ot/ fOL fO pOfOLU oz’ o' =z/L VvV =v/U

f y =y/L w=w/W
inertial ti ] JY Y =z/D t=t/T
) __inertial timescale el (fo) — 0(1) U p=p/P

timescale of interest

| H

~

fo

: : P
tial f ) =
(ﬁ%) — Rossby number (Ro) << 1 (pofoLU) =0(1)

coriolis force

Dominant balance is between pressure gradient
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_ Assumptions:
Geostropmc balance - Not on the equator (i.e. f >> 0).
* Inertial terms are negligible (i.e. Ro << 1).
* Away from boundary layers (i.e. friction is negligible).

Balance between pressure gradient and Coriolis terms: . Timescale of interest >> (1/f).

(u, 0) = [ 1L Op 1 Op
=\ ooy Fooe

Surface geostrophic currents follow sea-surface height contours.

raised sea-surface

Combining geostrophic and hydrostatic balance* gives thermal wind balance:

(9 u g 8 U g . g 8 p a ,0 surface current
) - y
0z 0z fpo \ Oy Ox

] ) . ) ) ) i Coriolis force {
Horizontal gradients in density (easy to observe) determine vertical shear of j ,
currents (hard to observe). ontetooik cunert e ,‘ horizontal pressure

) Mdlent force

Geostrophic assumptions hold over much of the open ocean and many |
ocean observing systems rely on thermal wind (e.g. RAPID array at 26N). Image credit: Ocean Circulation 2 Edition, The|Open University

Note that if density is a function of pressure only (i.e. barotropic), the
geostrophic velocity is independent of depth. In this case geostrophic

currents at all depths are determined by gradients in sea surface height. _ S _ o
*note use of the Boussinesq approximation: i.e. density variations

. are ignored except where they appear in terms multiplied by g.
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Rossby radius of deformation

* The Rossby radius of deformation (L) controls the typical length scale for ocean and atmosphere “weather”.
* Length scale at which rotational and stratification effects (i.e. vorticity advection and vortex stretching) are comparable.

L shallow water gravity wave speed  /g'H
a- planetary vorticity - f
Atmosphere: Ly ~1000 km, period ~4 days Ocean: L, ~10-200 km, period ~40 days

Snapshot of surface winds Snapshot of surface currents

< A A 7\‘,

Image credit: earth.nullschool.net (forecast for 2020-03-16)



Other important concepts

Ekman transports: Inclusion of a frictional surface boundary results in a departure from geostrophic balance near the
ocean surface. The resulting depth-integrated ageostrophic flow (a.k.a. Ekman transport) is to the right (left) of the
imposed wind-stress in the northern (southern) hemisphere. See extra slide 1.

Ekman suction/pumping: Wind stress curl leads to divergence/convergence of Ekman transports, which drives vertical
velocities at the base of the Ekman layer (a.k.a. Ekman “pumping”/“suction”) in ocean gyres, along coastlines, and at the
equator. See extra slide 2.

Potential vorticity (PV): In the ocean interior (i.e. away from frictional boundaries and diabatic forcing), PV is conserved
and basin-scale flow is constrained to follow f/H contours. Stretching of a column (increased H) is balanced by increased
f (i.e. poleward motion). See extra slide 3.

Sverdrup balance: The steady geostrophic flow in the ocean interior is forced from above by Ekman pumping/suction.
This relationship is a consequence of vorticity balance and demonstrates that the depth-integrated horizontal gyre
circulations are driven by wind-stress curl. See extra slide 4.

Western boundary currents: Sverdrup balance does not predict the existence of strong western boundary currents.
Western intensification of flow is a consequence of conservation of vorticity and requires the existence of ageostrophic
terms (i.e. frictional boundary layers). See extra slide 5.

Quasi-geostrophic theory: QG flow is close to geostrophic balance (Ro << 1), but retains time-derivatives. Properties
are advected with the geostrophic velocity but Coriolis terms in the momentum equations retain ageostrophic
components. Starting point for investigation of Rossby waves. See exira slide 6.



Internal wave fundamentals Wave basics
phase angle : 0 = kx + ly + mz — wt

« Climatically relevant ocean waves propagate as perturbations to wavenumber : k = (k, I, m) = V0
the depth of the ocean thermocline. o0
frequency : w = 5

* These phenomena can be modelled using the “reduced gravity” A

Phase speed : ¢, =

shallow water equations. k|
- The density difference between layers is typically much less Group speed : ¢, = o G Dl
- ; ok ok’ Ol Om
than the reference density, so g’ ~ g / 300.
« 10 cm displacement of sea surface height associated with 30 m
displacement of the thermocline.
e Vertical density structure can (to some extent) be inferred from Image credit: Atmospheric and Oceanic Fluid Dynamics 2" Edition, Vallis

satellite observations of sea surface height
~10 ch 1o

=)
0%
-
[\

reduced gravity = g' = g———— Ly = o1

(P2 — p1) g'H h
P1 f T

< ECMWF



Rossby waves

Rossby waves are a consequence of latitudinal variations in planetary
vorticity (i.e. f increases polewards).

They are solutions to the linearized shallow water equations using the
guasi-geostrophic approximation.

Phase velocity is always westwards relative to the zonal mean flow.

Group velocity (energy propagation) can be eastward or westward,
depending on the zonal vs meridional scale of waves.

Waves travel faster closer to the equator and longer waves travel faster
than shorter waves (dispersive).

Rossby wave dispersion relation for reduced gravity model (no background flow)

Bk . 3

W = — cC = —
P4 P R+
d Ld
< ECMWF

Rossby wave phase speed as a function of
latitude in the ocean (Chelton et al. 1996)

50

40

Westward phase speed (cm/s)

_AI

T

] T
—T—

~10 years to cross the Atlantic at 40N!

Also see extra slide 7



Kelvin waves

* Wave solutions to the linearized shallow water equations at a boundary.
« Waves are thus confined to coastlines and the equatorial waveguide.

* Propagate with a boundary to the right (left) in the northern (southern) hemisphere and travel eastward along
the equator.

» Kelvin waves are non-dispersive (c, = c; = 1/g'H)
« It takes about 2 months for the first baroclinic Kelvin wave to cross the equatorial Pacific (c ~ 3 m/s).

« Equatorial waves triggered by changes to the wind field are an important component of ENSO dynamics.

sharp change in wind

‘ direction of wind-generated

propagation of disturbance
e (isturbance

(0)

Image credit: Ocean Circulation 2" Edition, The Open University




Instabilities Simulated Gulf Stream rings

Flow in the ocean and atmosphere is not generally stable:
small perturbations give rise to growing unstable modes.

Baroclinic instability:

— Responsible for atmospheric weather systems and
mesoscale ocean eddies.

— Requires horizontal density gradients.

— Available potential energy converted to kinetic energy.

Image credit: NASA

— Ocecurs preferentially at horizontal scales close to the
Rossby radius of deformation (L).

Tropical instability waves related to shear in equatorial currents

.........

Barotropic/shear instability:

Latitude
S
e >

— Requires shear in background flow (e.g. jets).

— Mean-flow kinetic energy converted to eddy kinetic
energy.

-10

-20

-30

140 160 180 200 220 240 260 280
(a) M CTENT O TEE CC) Longfuda
20 22 2 26 28 30 32

Image credit: Webb (2018), Ocean Science, vol 14.
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Examples of air-sea interaction
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Air-sea interaction in the tropics is strongly coupled

« For example, changes in east-west sea-surface temperature (SST) gradients can impact deep convection and
the large-scale atmospheric zonal overturning circulation (Walker Cell).

* The resulting surface wind response impacts the ocean thermocline in way that amplifies the initial change to
east-west SST gradients, and thus reinforces the circulation response.

« This amplification is known as the Bjerknes feedback, and is an important part of the dynamics of the El Nino-
Southern Oscilation (ENSO) and Indian Ocean Dipole (I0OD).

La Nina Conditions Normal Conditions El Nifio Conditions

Convective
Circulation

Equator

Thermocline
Thermocline

120° E 80° W

120° E 80° W 120°E 80° W

l e
-y ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS Image credit: Wikipedia/NOAA/PMEL/TAO



Air-sea interaction in the mid-latitudes iIs scale-dependent

At scale basin of ocean basins, there is negative or zero correlation between SST and wind speed/heat fluxes
out of the ocean. Stronger winds — ocean heat loss — SST cooling — atmosphere driving ocean.

At scale of ocean fronts and eddies, there is positive correlation between SST and wind speed/heat fluxes out
of the ocean: Warmer SSTs — ocean heat loss — stronger winds — ocean driving atmosphere.

(a) Strong wind Image credit: Small et al. (2008)

—_—

D
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mixed
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................

A case where air flowing over an SST front experiences
enhanced mixing and downward transfer of momentum.
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Image credit: Chelton and Xie (2010
cooL '™ (2010)

NN N N NN
\

’xU, VxT>0 V-u, V-T>0

Relative orientation of prevailing winds and
SST gradients can impact wind stress curl and
dirvergence.
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Forecast challenges
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Forecast challenges: ocean model resolution

It is necessary to resolve the Rossby radius of deformation (L) in order to accurately simulate sharp ocean fronts and mesoscale eddies.

The operational configuration of the ECMWF ocean model has a resolution of 1/4™ degree (~25 km): eddies are “permitted” in the lower
latitudes, but cannot be resolved in the mid-/high-latitudes or coastal regions.

“Eddy resolving” configurations are very expensive (e.g. 1/12" degree costs 30 x more than 1/4" degree).

This limits our ability to correctly simulate the position of the Gulf Stream and aspects of air-sea interaction.

BO°N

50°N

40°N

20°N

408
808

KOS

Image credit: Hallberg (2013)

!"\ECMV 1° 1/2° 173" 1/4° 1/5° 1/6° 1/8° 1/12° 1/16° 1/25° 1/50°
Mercator Grid Resolution Required to Resolve Baroclinic Deformation Radius with 2 Ax



Forecast challenges: ocean model resolution

» Impact of ocean model resolution on the representation of the Gulf Stream

100 km model resolution

80°W 60°W 40°W 80°W 60°W 40°W

Image credit: Siqueira and Kirtman (2016)
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Observations
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Forecast challenges: impact of Gulf Stream errors on ECMWF forecasts

(a) S5T: bias in CTRL Days 26-32  (b) S5T: bias in BCFC Days 26-32  (c) S5T: BCFC minus CTRL Days 26-32

0.1
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; ¢ ¥ ( -0.06
-0.08
0.1

180°W

(a-b) Climatological SSTs seen by the atmosphere (contour spacing 2 K) and biases relative to ESA CCI

(c) Difference between BCFC and CTRL SST climatologies (shading). (d-e) Impact of North Atlantic SST
bias correction on the forecast skill of weekly mean anomalies in terms of CRPSS (shading) and anomaly
correlation (grey contour spacing of 0.1) for meridional wind at 200 hPa (v200). The yellow contours in

(e) highlight the position of the northern hemisphere waveguide diagnosed from the meridional gradient
of absolute vorticity.

Roberts et al. (2021), https://doi.org/10.1029/2020GL.091446
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The position of the Gulf stream influences the
location, magnitude, and timing of upward
motion and convection associated with cyclones
propagating in the North Atlantic storm track
(Minobe et al., 2008).

However, ocean models with a grid spacing of
about 25 km, as used in the IFS, struggle to
accurately simulate the location and structure of
the Gulf Stream.

These errors can impact weather forecasts, with
signals propagating out of the Atlantic along the
northern hemisphere waveguide.

Higher-resolution ocean models that can better
resolve the position of the Gulf Stream (grid
spacing < 10 km) should improve future
ECMWEF forecasts.
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https://doi.org/10.1029/2020GL091446

Forecast challenges: air-sea interaction

* Higher resolution ocean in coupled climate model simulates more intense air-sea interaction in regions of
high eddy activity, such as western boundary currents and the Antarctic Circumpolar Current.

« Simultaneous correlations between monthly mean SST and heat flux out of the ocean. Positive (red)
values are indicative of the ocean driving an atmospheric response.

100 km model resolution 10 km model resolution

s —r—r— T 77T T T T T
150W 120W 90W 60W 30W 0

“wE ———T 77T T T T
0 30E 60E 90E 120E 150E 180 150W 120W 9OW 60W 30W 0 0 30E 60E 90E 120E 150E 180

Image credit: Kirtman et al. (2012)
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Forecast challenges: ocean model initialization

» Accurate forecasts require accurate initial conditions.

* Full three-dimensional ocean state cannot be inferred from satellite data.

* Reliant on in situ observations from moorings, ship data, and profiling floats (e.g. Argo).
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Image credit: argo.uscd.edu
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« Since ~2004, the Argo network has measured
temperature and salinity in the upper 2000 m with near
global coverage.

« It has revolutionized the ocean observing system, but it
wasn’t designed to constrain the mesoscale (i.e. average
spacing >> L)

* Floats cycle to 2000m depth every 10 days.

 Floats distributed over the global oceans (except on shelf
seas and under ice) with an average spacing of ~300 km



Forecast challenges: ocean model initialization

« Data assimilating ocean reanalyses are (arguably) less mature than their atmospheric counterparts, which is
reflected in the diversity of solutions in different products for key ocean properties.

« This is a consequence of (i) the small spatial scales that require very high resolution models, (ii) the complexity
of representing coastlines/bathymetry, and (iii) the difficulty of constraining the 3D ocean state from observations.

CGLORSvV7

ECCOv4r3 GECCO2
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60°N

60°W 30°w o°w

Barotropic stream functions in
an ensemble of ocean
reanalyses

Image credit: Jackson et al. (2019)
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Summary
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Summary

 Why is it important for ECMWF to model the ocean?
— Processes: a dynamic ocean is necessary to represent key coupled ocean-atmosphere feedbacks.
— Persistence: the large heat capacity of the ocean provides “memory” to the climate system.

— Predictable dynamics: well-resolved and predictable ocean dynamics (e.g. equatorial waves) are important for ENSO
and interannual variability.

— Products: users are interested in the ocean state.

« Space and time scales of air-sea interaction:
— Coupled ocean-atmosphere interaction occurs across huge range of spatial and temporal scales.

— Processes that occur on timescales beyond our forecast horizon are still important as they must be correctly
modelled in ocean/atmospheric reanalyses to provide accurate forecast initial conditions.

* Coupled forecasting challenges:

— Accurate simulation of ocean boundary currents and mesoscale eddies requires significant increases in ocean
resolution. This is computationally very expensive, which motivates the development of novel modelling approaches
(e.g. reduced numerical precision, unstructured grids).

— Model deficiencies and limitations of the ocean observing system result in biases and random errors in our estimates
of the instantaneous ocean state used in forecast initial conditions. Reduction of these biases and improved
representations of initial condition uncertainty (e.g. ocean stochastic physics) is important for accurate and reliable
coupled forecasts.
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The future of coupled forecasts at ECMWF?
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This image shows a snapshot of surface current speeds in a prototype version of the ECMWF global
forecast model (IFS ~4 km, NEMO ~8 km).
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Extra slides
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Assumptions:
Extra slide 1: Ekman transports « As gpeostrophic, but with a frictional surface boundary.
* Friction included as wind stress vector (1), which represents
Inclusion of frictional terms results in a departure from vertical turbulent fluxes of horizontal momentum.
geostrophic balance near the ocean surface. Can split flow > RISICIEY QUEBSe Tilie SLEEs cei i Rl
into geostrophic and ageostrophic components: near-surface "Ekman layer” (i.e. 7(ZqJ = 0)

1 1 Ot
fk X (ug + vek) + —Vipp = P Thus depth-integrated Ekman flow is to the right (left) of imposed
Po Po 0= _wind-stress in the northern (southern) hemisphere.
1 Ot _
JK X uek = _8_ (ageostrophic component) wind alindctises
Po Uz e -
e _—
<SS S
Can avoid specifying the vertical distribution of stress by ! o— } | l
integrating over the Ekman layer with appropriate | Eé_?t: - |
boundary conditions: | = |7 e | |
; L i '
| = | —~
| f+ [ | (P _ :
, A , | Coriolis average rkofion :
7= (7e,7y) and 7(0) = Twina, T(zer) =0 | ] |  duice e
L. J | | < depth of —> L _ >
« k 0 = B |
Twind T s v S
M, = 2 where Mgk = pO/ Uekdz | | | | |
S Zet | | | | |
| ; | f
1 I ! [

|
|
' |
l
i |

PN Image credit: Ocean Circulation 2" Edition, The Open University
— l
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Extra slide 2: Ekman pumping

Horizontal divergence of the integrated Ekman transports gives
rise to a vertical velocity at the base of the Ekman layer (i.e.
Ekman “pumping”):

13,
Vh-uzvh-uek:——w
0z
1 1 win
Wep = —Vp - Meg = — V), X Twind
Po Po f

Vertical velocities are a result of wind-stress curl (and
variations in f near the equator). In both hemispheres:

« Anticyclonic winds drive downwelling (Ekman pumping).
» Cyclonic winds drive upwelling (Ekman suction).

Divergence of Ekman transports also drives coastal and
equatorial upwelling/downwelling.
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Assumptions:
« Within the Ekman layer, divergence of geostrophic current
is small compared to divergence of Ekman transports.
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Extra slide 3: Potential vorticity conservation

Potential vorticity (PV) is a quantity that is conserved with fluid flow

derived by combining conservation of mass and vorticity. For a layer

of constant density and thickness (H):

PV = ﬂ where ( =V, xuy

At planetary scale (i.e. Ro <<1) f>>( and

In the ocean interior, PV is conserved with fluid flow:

D (<+f
DT H

) =0 (unless direct forcing or friction)

[

PV =

At the planetary scale, flow is constrained to follow f/H contours.
Stretching of a column (i.e. increased H) is balanced by increased

f (i.e. poleward motion).

PV conservation breaks down under the following conditions:

- Frictional boundaries
- Heating/cooling at the surface.

- Mixing across isopycnals (i.e. changing stratification).
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Extra slide 4: Sverdrup balance

Combine continuity equation with divergence of geostrophic
flow in the ocean interior:

Vh-ung%:O and [E—g—gjj
0 1 9p 0 1 dp\ B
Vi ug_ax( fpoé’y)+8y (fpoé’:r)_ £
Jw

Bvg = f 5, (Sverdrup relation)

This equation relates geostrophic currents to vertical
velocities and is an expression of (linearized) vorticity
balance.

Squashing (stretching) columns of water moves them
equatorward (poleward).

Assumptions:

» Steady geostrophic flow in ocean interior (below Ekman
layer, away from frictional boundaries).

« Forced from above by Ekman pumping/suction.

« Assumed can integrate to a level of no motion where w=0

Now integrate from the base of the Ekman layer to the a
known level of no motion (e.g. ocean floor):

W(Zep) = Wep and W (Zpottom) = 0

Zek Zek  Ow
[3/ vgdz = f Edz

Zbottom Zbottom

[3 Zek
—Vy = fwer, where V, =

ngﬂ
Po z

bottom

Substitue w,, and manipulate:

po 7 po \Ox \ f oy \ f

k

1
V = qu + Vek — th X Twind

We get an expression for the total depth-integrated meridional

M - . -
'wECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER Forecs [IOW (Sverdrup transport) that is a function of wind-stress only.



Extra slide 5: Wind-driven gyres

Can now define a streamfunction (V) in terms of the zonal
integral of wind-stress curl that represents the 2D depth-
integrated flow:

ov v oV U
— = — and — = ——
Ox 20 dy Po
U(x,y) ! / ' Vi X Twinada
: _ h wind
,006 eastern boundary

Integrating from the eastern boundary gives results consistent

with the existence of strong western boundary currents.

However, Sverdrup theory does not predict the existence of a
strong WBC - could also integrate from the western boundary.
Western intensification of flow is a consequence of conservation
of vorticity and requires the existence of ageostrophic terms (i.e.
frictional boundary layers).

Stommel (1948) and Munk (1950) developed models of the
depth-integrated wind-driven flow that predict the existence of
western boundary currents by including representations of
linear drag and momentum diffusion, respectively.

Munk gyres showing western boundary currents.
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_ _ _ Assumptions:
Extra S“de 6: QuaSI-QEOSUOphIC theory « Scale of flow similar to deformation length scale (L; = m/)

* Close to geostrophic balance (Ro << 1).
« Variations in Coriolis parameter are small (f = fO + By)

* No tendency/development term in geostrophic balance: . Time can be scaled advectively (T = L/U)

cannot be used investigate time-dependent phenomena.

» Quasi-geostrophic theory is close to geostrophic balance
(Ro << 1), but retains time-derivatives.
* Quasi-geostrophic potential vorticity is materially

* Properties are advected with the geostrophic velocity but conserved with the flow:

Coriolis terms in the momentum equations retain
ageostrophic components. Dq D

Dt Dt

1

 Shallow water quasi-geostrophic potential vorticity (q):
« Single prognostic variable (q), from which all other

relative vorticity + dynamic variables can be diagnosed (PV inversion).
g = V*VU+8y——T - planetary vorticity +

L3 vortex stretching « Starting point for investigation of Rossby waves.
g oV oV
v = and u —, Uy = —
o ‘T oy YT e
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Extra slide 7. Rossby wave propagation mechanism

Waves can be a mixture of both mechanisms.

Short waves: balance between relative vorticity and planetary vorticity.

Long waves: balance between vortex stretching and planetary vorticity

!
ug — fo=—gne,

Propagation mechanism is a function of wavenumber relative to deformation radius (L,).

v+ fu=—gn,, m+ H(u, +v,) =0

Propagation mechanism for short waves (i.e. f + ¢ = constant)

FIg. 6.6 A two-dimensional (x—v) Rossby
vave. An mitaal dlsturf')am‘t dss;‘!au's a mate
rial line at constant latitude (the straight hor
zontal line) to the solid line marked »(1

Conservation of potential vorticity, By + (.
! N
leads to the production of relative vorticity,

as shown. The associated velocity field (ar-

rows on the circles) then advects the fluid
parcels, and the material line evolves into the

dashed line with the phase propagating west-

ward

Image credit: Atmospheric and Oceanic Fluid Dynamics 2" Edition, Vallis
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