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Q1: What are the gaps in observations and modeling 
capability that need to be addressed to properly determine the 
role of ASTZ processes in weather and climate variability?

‣ What regions, observables, and time and space scales should be a 
focus of modeling and observations?

Q2: What are potential outcomes of concerted modeling and 
observational programs focused on the ASTZ?
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Processes, scales, and regions define needs and help to 
identify gaps.

Regions

Processes

Scales 
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• Clouds are often rooted in the atmospheric boundary layer. Need colocated observations of 

clouds, the MABL, OBL, and surface processes

OBL and MABL turbulence and mixing 
• Observe the vertical structure of both boundary layers to evaluate turbulence theory under a 

range of sea state conditions & improve relationships between surface flux and flux profiles.

Extremes 
• Improve prediction skill for floods & droughts, tropical cyclones, marine heat waves, atmospheric 

rivers …
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3. Results

4. Summary

Figure 1. Extreme AR (>1000 kg m-1 s-1) in the 
northeast Pacific on February 14th 2016.
Colored contours: Integrated Vapor Transport (IVT). 
Contour lines: Sea level pressure (hPa).

• This study investigates the effect of realistic sea surface temperature (SST) anomalies 
on an overlying AR, focusing on the changes in precipitation over land

• We used an atmosphere-only regional model (WRF) and simulated an extreme AR, 
forced with ‘Real’ and ‘Blob’ SST in a 72-member perturbed physics ensemble

• Accumulated grid-scale rainfall over land significantly increased with warm SSTs 
(The Blob) for each ensemble member, with a mean of 4.5% increase.

• A similar order of ranked ensemble members by highest accumulated landfalling 
rainfall for Real and Blob

• Future projections of precipitation are uncertain in relatively coarse resolution climate 
models and this study provides insight into how potential changes in the SST alter the 
dynamics of impactful AR systems.
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Weather Research and Forecasting (WRF) (Skamarock et al., 2008) regional model
o Domain over the northeast Pacific and U.S. West Coast
o Atmosphere-only with resolution: 0.080
o Ensembles: 72-member ensemble based on microphysics, cumulus, boundary 

layer, surface layer schemes, and all members additionally had Stochastic 
Kinetic Energy Backscatter (SKEB) perturbations

o ‘Real’ and ‘Blob’ sea surface temperatures

Figure 6. Difference in accumulated
RAINNC over land (Blob minus 
Real) with red dotted lines showing 
the mean. a) Percentage difference. 
b) Difference in mm.

1. Abstract
Atmospheric rivers (ARs) and their impacts at landfall have been a growing topic of
research over recent years, with associated intense rainfall important to ease drought
conditions, but also bringing detrimental impacts, such as flooding and landslides.
Despite the opportunity for ARs to interact with the ocean for days before landfall,
there have been few studies on the air-sea interaction at locations away from western
boundary currents, where we know these strong sea surface temperature gradients have
an impact.

We conducted a case study of an AR that made landfall on the U.S. West Coast on 13-
16 February 2016 using the Weather Research and Forecasting (WRF) regional model.
We forced atmosphere-only simulations with the observed sea surface temperature, and
with the sea surface temperature from February 2014, which featured a large-scale
warming known as The Blob.

Alongside changes in surface fluxes and differences in integrated vapor transport, we 
find increased precipitation over the ocean and at landfall when the Blob warming is
present. Future projections of precipitation are uncertain in relatively coarse resolution 
climate models and this study provides insight into how potential changes in the SST 
alter the dynamics of impactful AR systems.

1Center for Western Weather and Water Extremes, Scripps Institution of Oceanography, La Jolla, CA, USA
2Scripps Institution of Oceanography, La Jolla, CA, USA

The Blob, winter 2013-2014: Unusually warm temperatures in the northeast Pacific, 
with the largest anomalies (>2.5C). In this ‘Blob’ simulation, there was large-scale 
warming of up to 2.5C in the northeast Pacific, directly underneath the path of the 
2016 AR, with coastal cooling extending to around 500 km offshore.

Figure 2. Sea surface temperature
from the Blob minus Real
simulation on February 14th 2016. Figure 5. a) Blob minus Real RAINNC+RAINC accumulation from 13-16 February 2016 (ensemble means). b) Cumulative 

RAINNC Real (blue) and Blob (red) and standard deviation. c) Same as b, for RAINC.

The core of the AR is wider in ‘Real’ in the first 6 timesteps, as the ‘Blob’ shrinks the
extent of 1000 IVT on the southern edge. Elsewhere, there is generally a small increase
in IVT over the Blob and particularly, in later timesteps, behind the AR.

We examine the accumulated precipitation from this AR (13-16 Feb) over land. The mean 
precipitation from different WRF output are: RAINNC (grid-scale): 800,000 mm; RAINC 
(convective): 4,000 mm; SNOWNC (grid-scale snow and ice): 200,000 mm.

Figure 7. Ranked histograms of total amount of accumulated
RAINNC in the domain for each ensemble member for a) Real, b)
Blob. Columns detail the microphysics, cumulus, PBL, surface layer
parametrization schemes. Reds = Morrison, Blues = Thompson,
Grey = Morrison or Thompson, different surface scheme.

Figure 3. Blob minus Real IVT (colored 
contours) (ensemble mean) at 6-hourly intervals 
from 6 UTC 13 February 2016. Yellow contours 
show 250 IVT units for Blob and Real. Light and 
dark grey lines show SST difference of 2C.

Over the Blob, there are mainly increases in:
convective rain (RAINC), grid-scale rain 
(RAINNC), sensible heat flux (HFX), 
evaporation (QFX), latent heat flux (LH), 
planetary boundary layer height (PBLH).

Every pair of ensembles (same physics perturbations in Real and Blob) show and 
increase in accumulated RAINNC over land in the Blob, with percentage 
increase between 2.5 and 7%, a mean of 4.5%.

Ranked ensemble members by highest
accumulated landfalling RAINNC are in a 
very similar order for Real and Blob 
simulations, with Morrison, Tiedtke generally 
producing the highest RAINNC and 
Thompson GF producing the lowest. The 
effect of the SKEB seed is not reflected in 
total accumulated RAINNC rank.

More grid-scale precipitation over NE Pacific and land associated with the Blob AR.

The large difference in IVT (blue streak 
in Figure 3) is associated with reduced 
specific humidity in ‘Blob’ (~3000km), 
increased wind, change in wind 
direction, and heating above and cooling 
below, indicative of condensational 
heating.

Figure 4. Ensemble mean cross section along black line in 
Figure 3, 12 UTC 13 February 2016. a) Blob minus Real 
omega (colored contours), theta (green contour lines). b) Blob 
minus Real wind speed (colored contours), wind direction (red 
contours), specific humidity (black contours). 
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Blob. Columns detail the microphysics, cumulus, PBL, surface layer
parametrization schemes. Reds = Morrison, Blues = Thompson,
Grey = Morrison or Thompson, different surface scheme.

Figure 3. Blob minus Real IVT (colored 
contours) (ensemble mean) at 6-hourly intervals 
from 6 UTC 13 February 2016. Yellow contours 
show 250 IVT units for Blob and Real. Light and 
dark grey lines show SST difference of 2C.

Over the Blob, there are mainly increases in:
convective rain (RAINC), grid-scale rain 
(RAINNC), sensible heat flux (HFX), 
evaporation (QFX), latent heat flux (LH), 
planetary boundary layer height (PBLH).

Every pair of ensembles (same physics perturbations in Real and Blob) show and 
increase in accumulated RAINNC over land in the Blob, with percentage 
increase between 2.5 and 7%, a mean of 4.5%.

Ranked ensemble members by highest
accumulated landfalling RAINNC are in a 
very similar order for Real and Blob 
simulations, with Morrison, Tiedtke generally 
producing the highest RAINNC and 
Thompson GF producing the lowest. The 
effect of the SKEB seed is not reflected in 
total accumulated RAINNC rank.

More grid-scale precipitation over NE Pacific and land associated with the Blob AR.

The large difference in IVT (blue streak 
in Figure 3) is associated with reduced 
specific humidity in ‘Blob’ (~3000km), 
increased wind, change in wind 
direction, and heating above and cooling 
below, indicative of condensational 
heating.

Figure 4. Ensemble mean cross section along black line in 
Figure 3, 12 UTC 13 February 2016. a) Blob minus Real 
omega (colored contours), theta (green contour lines). b) Blob 
minus Real wind speed (colored contours), wind direction (red 
contours), specific humidity (black contours). 

a) b)

a) b) c)
1e-5

a) b)

a) b)

Ally Cobb’s poster

Impact of the “blob” on ARs Modulation of wave breaking by fronts

Nick Pizzo’s poster. Also Vrećica et al., 2022
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2. Needs from scales
Large scale 

• Better constrain the effects of ocean forcing on 
synoptic storms, storm tracks, and rainfall patterns

Oceanic mesoscale 
• Improve parametriztions of ocean-mesoscale-driven 

air-sea heat, momentum, and tracer fluxes in 
climate models that do not resolve these scales

Oceanic submesoscale 
• Quantify the relative importance of thermal and 

current feedback

Seo et al., 2022
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Research Highlights that support needs 

Siqueira and Kirtman, 2016

Assessment of near-term climate predictability 
requires models that resolve oceanic mesoscale

Current and thermal feedback (together) modify 
wind stress gradients 

Luna Bai’s talk

Results - joint impact of thermal and current feedback

Yue (Luna), Andy,  Bia, Patrice, Hector ybbai@caltech.edu

• Current and thermal 
feedback work in tandem 
to modify , ~20 times 
stronger than in previous 
mesoscale studies


• Strong potential to affect 
ocean vertical velocity

∇ × τ

2-D feedback

w
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lmesoscale 
studies
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3. Needs from regions
High Latitudes + MIZ 

• Large disagreement between surface flux 
observational products (MOST/bulk falls 
apart, extreme winds and waves, ice 
cover)

Boundary Currents 
• Quantify BCs local and remote impact on 

the ABL and free troposphere and 
feedbacks to the ocean.

Tropics
• Diurnal variability of the ABL, SST, OBL, 

and fluxes can be stronger than 
intraseasonal and annual cycles.

Cronin et al., 2019.
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Research Highlights that support needs 

Bourassa et al., 
2013 (BAMS)

Flux products largely disagree at high latitudes Strong diurnal variability of ASTZ variables in 
the tropics

Gille et al., 2005

Wenegrat and 
McPhaden, 2014.
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observational programs focused on the ASTZ?
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SAN FRANCISCO
King Air B200

DopplerScat 
& MOSES

Twin Otter

MASS

G-V

PRISM

Wave
Glider

Glider

Surface
Drifter

Lagrangian
Float

Sail
Drone

The Sub-Mesoscale Ocean Dynamics Experiment (S-MODE)

• NASA Earth Venture Suborbital 
mission (EVS-3)  

• Hypothesis: ocean submesoscale 
processes make important 
contributions to vertical exchange of 
climate and biological variables in 
the upper ocean.

✅ Pilot Campaign (Fall 2021) 

✅ IOP-1 (Fall 2022) 

⌛ IOP-2 (Spring 2023) 
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Colocated observations of ASTZ variables 
Wind-current coupling observed by DopplerScatt

Alex Wineteer & 

Ernesto Rodriguez (JPL)

Non-linear interactions become dominant below 10 km in 
the eddy region and below 4 km in the frontal region. The 
flow in the frontal region becomes increasingly anisotropic 
at the same scales while the eddy region does not.

The continuous kinetic
energy spectrum belies a transition
in the dynamics of the flow field at submesoscales. We 
quantify the scale where the rotational and divergent 
components interact using the cross-spectrum between the 
along track (u) and cross track (v) velocity 
(Bühler et al. 2017). 

If the streamfunction and potential are uncorrelated then the 
cross spectrum is real. This is quantified using the phase.

The flow is more anisotropic if the coherence is large. 

Ageostrophic dynamics

Observational characterization of the transition to 
submesoscale dynamics

Mara Freilich, Luc Lenain, Sarah Gille
mfreilich@ucsd.edu

Overview

Kinetic energy spectrum is 
continuous to smallest ob-
served scales with a spectral 
slope of k-2 in both regions.

Study sites

Kinetic energy flux is intermittent and the largest forward cascade of kinetic energy is localized at the front in these observations. In the pres-
ence of wind forcing (which can force symmetric instabilities) and other boundary layer turbulence, this energy can be dissipated.

Energetics of a front

twin otter

MASS (DoppVis)

Velocity observations from two experiments in the 
California Current region (an eastern boundary current)Determining the dynamics that are dominant at the 

submesoscale has important implications for under-
standing the vertical structure of ocean flows, vertical 
transport, air-sea interactions and the spatial distribu-
tion of energy dissipation. Quantifying the distribution 
of kinetic energy at submesoscales and the flux of 
energy across scales (whether there is an inverse or 
forward cascade) is essential for understanding and 
modeling ocean kinetic energy cycles. 

We make use of a sub-orbital 
remote sensing (the DoppVis 
instrument on the SIO-MASS) 
to observe surface ocean 
velocity at scales ranging 
from 100 km to 500 m and 
ask how dynamics change
at submesoscales.

Non-linear interactions become dominant below 10 km in 
the eddy region and below 4 km in the frontal region. The 
flow in the frontal region becomes increasingly anisotropic 
at the same scales while the eddy region does not.

Using the filtered velocity vector

longitude

la
tit

ud
e

0.5 m/s

Nov. 5

Nov. 3

 24'  12'  124°W  48'  36'  24' 

  8' 

  37°N 
 16.00' 

 24' 

14.5

15

15.5

se
a 

su
rfa

ce
 te

m
pe

ra
tu

re
 (C

)

la
tit

ud
e

  37°N 

  38°N 

  39°N 

  40°N 

 124°W  125°W  123°W  122°W  121°W 

14.5

15

15.5

16

14

se
a 

su
rfa

ce
 te

m
pe

ra
tu

re
 (C

)

Along-track wavenumber [cpkm] Along-track wavenumber [cpkm]

C
oh

er
en

ce

P
ha

se

10-1 100 10-1 1000.0

1.0

0.8

0.6

0.4

0.2

-180

180

0

-90

90

Eddies
Fronts

te
m

pe
ra

tu
re

 [C
]

The velocity gradient quantities are skewed, as is expected 
from submesoscale dynamics. The vorticity and shear strain 
are correlated. 
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Ekman buoyancy flux
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Kinetic energy flux

Mara Freilich’s poster

Surface current 
streamlines  

5 km

Current-SST coupling observed by DopplerScatt + MOSES

J. Molemaker (UCLA)

Current-SST coupling observed by MASS/DoppVis
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Wind-current coupling observed by DopplerScatt

Alex Wineteer & 
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Non-linear interactions become dominant below 10 km in 
the eddy region and below 4 km in the frontal region. The 
flow in the frontal region becomes increasingly anisotropic 
at the same scales while the eddy region does not.

The continuous kinetic
energy spectrum belies a transition
in the dynamics of the flow field at submesoscales. We 
quantify the scale where the rotational and divergent 
components interact using the cross-spectrum between the 
along track (u) and cross track (v) velocity 
(Bühler et al. 2017). 

If the streamfunction and potential are uncorrelated then the 
cross spectrum is real. This is quantified using the phase.

The flow is more anisotropic if the coherence is large. 

Ageostrophic dynamics

Observational characterization of the transition to 
submesoscale dynamics

Mara Freilich, Luc Lenain, Sarah Gille
mfreilich@ucsd.edu

Overview

Kinetic energy spectrum is 
continuous to smallest ob-
served scales with a spectral 
slope of k-2 in both regions.

Study sites

Kinetic energy flux is intermittent and the largest forward cascade of kinetic energy is localized at the front in these observations. In the pres-
ence of wind forcing (which can force symmetric instabilities) and other boundary layer turbulence, this energy can be dissipated.

Energetics of a front

twin otter

MASS (DoppVis)

Velocity observations from two experiments in the 
California Current region (an eastern boundary current)Determining the dynamics that are dominant at the 

submesoscale has important implications for under-
standing the vertical structure of ocean flows, vertical 
transport, air-sea interactions and the spatial distribu-
tion of energy dissipation. Quantifying the distribution 
of kinetic energy at submesoscales and the flux of 
energy across scales (whether there is an inverse or 
forward cascade) is essential for understanding and 
modeling ocean kinetic energy cycles. 

We make use of a sub-orbital 
remote sensing (the DoppVis 
instrument on the SIO-MASS) 
to observe surface ocean 
velocity at scales ranging 
from 100 km to 500 m and 
ask how dynamics change
at submesoscales.

Non-linear interactions become dominant below 10 km in 
the eddy region and below 4 km in the frontal region. The 
flow in the frontal region becomes increasingly anisotropic 
at the same scales while the eddy region does not.
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Using laser altimetry to understand sea state gradients

Marechal et al., in prep 
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Marechal et al., in prep. 
See also Ardhuin et al., 2017; Romero et al., 2020;

Most sea state parametrizations consider spatially smooth surface wave fields

• The spatial variability of Stokes drift results from a 
combined response to wind forcing and amplitude 
modulation due to currents

Lenain and Pizzo, 2020

• Full directional spectrum is key for accurately 
estimating Stokes drift and improving model 
parametrizations

Lenain and Melville, 2017
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Ocean Dynamics and Surface Exchange with the 
Atmosphere – The ODYSEA mission concept

• How do ocean currents evolve at small and fast scales? 

ODYSEA will bring into focus 
daily global surface currents 
and their interactions with 
winds to explore the Earth 
system and to improve 
weather & climate predictions 

Learn more at: odysea.ucsd.edu
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Ocean Dynamics and Surface Exchange with the 
Atmosphere – The ODYSEA mission concept

Check out the ODYSEA simulator: https://github.com/awineteer/odysea-science-simulator

Winds

https://github.com/awineteer/odysea-science-simulator
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Butterfly (next talk): Measuring 
fluxes from space

Harmony: Wind, waves, currents, 
temperature, clouds, and ice flow 
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GEOS/MITgcm Coupled Global Simulation (c1440 - llc2160)  

• We need coupled simulations 
that can serve as nature runs 
for OSSEs 

• The uncoupled nature run has 
to be forced with consistent 
atmosphere/ocean to allow for 
comparisons 

• Easier to do for regional scale/ 
short time scale (see several 
studies by Renault et al., but 
challenging at global scale)

Torres et al., 2022 
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We need an integrated approach!

To move forward, we need to treat the ASTZ as a unit for 
both modeling and observation efforts 

• How can we promote integrated ocean-atmosphere model 
development at the modeling center level? 

• How can we promote funding for integrated ocean and 
atmosphere research? 

• How can we promote closer collaborations among 
observationalists, theoreticians, and model developers to 
coordinate observations with ongoing efforts to evaluate and 
improve models, develop new parameterizations, and advance 
coupled data assimilation? 

• Inter-agency “synergy maker”
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We need an integrated approach!

To move forward, we need to treat the ASTZ as a unit for 
both modeling and observation efforts 

• How can we promote integrated ocean-atmosphere model 
development at the modeling center level? 

• How can we promote funding for integrated ocean and 
atmosphere research? 

• How can we promote closer collaborations among 
observationalists, theoreticians, and model developers to 
coordinate observations with ongoing efforts to evaluate and 
improve models, develop new parameterizations, and advance 
coupled data assimilation? 

• Inter-agency “synergy maker”

villasboas@mines.edu 
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ODYSEA will provide 
unprecedented spatial 
and temporal coverage

Wind

Surface Currents• 5 km postings, averaged for 
currents to reduce noise  

• Possibility of 1 km postings 
to support coastal 
applications



What we gain:  Daily global wind coverage

ASCAT coverage:   
• 550 km swath;  
• 25 km resolution

ODYSEA coverage:   
• 1700 km swath (more like QuikScat) 
• 5 km resolution 



ODYSEA Mission Overview

● Scaling DopplerScatt to space fills both of these needs 
● 90% global coverage < 1 day (2x/day in many places) 
● ~650 km sun-synchronous terminator (4:30 am/4:30 pm) orbit 
● Capability for near-real time ocean wind and currents data products (<6 hour latency) 
● Intend to serve Near Real-Time data products to operational agencies (Navy, NOAA, 

Air Force) 
● Proposal due date anticipated to be late June/early July 

● There are no sensors in orbit that measure total 
surface currents 

● There are no US operational scatterometers that 
measure winds. The existing wind sensor 
constellation needs additional sensors to sample 
changing winds.



ODYSEA Mission Overview

● SO1: Fill key knowledge gaps in the coupling mechanisms between 
currents and winds by observing, quantifying, and understanding the 
salient processes 

● SO2: Fill key knowledge gaps in fundamental patterns of surface currents 
globally and the dynamical ocean processes underlying these motions. 


