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D. SCIENCE INVESTIGATION
The open science Butterfly mission reveals whether small-scale 
air–sea fluxes have an outsized effect on large-scale weather and 
climate. 

American mathematician and meteorologist Edward Lorenz 
once pondered “Does the flap of a butterfly’s wings in Brazil set off a 
tornado in Texas?” (1). The Butterfly mission is about small changes 
having large impacts. Small-scale ocean features can affect large-
scale weather and climate. Small changes in the way we do science 
can amplify opportunities for unanticipated discoveries.  
D.1 SCIENTIFIC BACKGROUND, GOALS, AND OBJECTIVES
Butterfly helps us prepare for and mitigate extreme weather 
events and climate change by improving our understanding and 
prediction of how the ocean affects weather and climate. 

The ocean, the largest reservoir of heat and water on Earth, 
exchanges heat and moisture with the atmosphere through turbulent 
fluxes at the air–sea interface (Fig. D-1). These fluxes impact 
atmospheric and oceanic variability, thereby modifying weather and 
climate, including precipitation patterns, terrestrial water availability, 
floods and droughts, and extreme events such as terrestrial and 
marine heatwaves. Accurate global 25-km flux measurements are 
needed to improve our knowledge of air–sea interaction processes 
and how they impact weather and climate model predictions (2-4).  

Butterfly’s single-satellite mission is designed to deliver estimates 
of global air–sea turbulent heat and moisture fluxes (hereafter air–
sea fluxes) at the 25-km spatial resolution and 15% net uncertainty 
needed to transform our understanding of the contribution of air–
sea fluxes to weather and climate. It carries a single passive 
microwave instrument, placed into a polar orbit with a swath width 
>640 km. 91% global coverage is achieved in 2 days.
D.1.1  BUTTERFLY BACKGROUND

The turbulent heat flux at the air–sea interface consists of sensible
and latent heat fluxes. Sensible heat flux is the heat released or gained 
by the ocean, based on the air–sea temperature difference. Latent 

heat (moisture) flux is the heat released by the ocean when seawater 
evaporates, which is associated with relative humidity. Ocean-surface 
winds affect both fluxes. The stronger the wind, the larger the fluxes, 
given the same air–sea temperature and humidity difference. Some of 
the largest fluxes occur over Western Boundary Currents (WBCs) 
(e.g., Gulf Stream, Kuroshio) when dry, cold continental air is carried 
over these large warm currents by mid-latitude westerlies (7). The 
high wind speeds and large air–sea temperature and humidity 
differences result in large sensible and latent heat fluxes. However, 
not only are the magnitudes of these fluxes important, but their 
spatial gradients are as well (8, 9). This is true even in regions outside 
the WBCs: Small-scale (~25 km) sea surface temperature (SST) 
variations associated with ocean fronts and eddies are ubiquitous in 
the world ocean (see Fig. D-2 and (10)). Butterfly combines 
simultaneous ocean and atmosphere measurements to provide the 
first estimates of high-resolution air–sea fluxes from space. Recent 

Figure D-1. Butterfly measures <25 km heat and moisture exchanges 
between the ocean and atmosphere that impact global weather and 
climate. The ocean supplies heat and moisture to the atmosphere and 
absorbs >90% of the energy trapped by global warming (5). 86% of 
global evaporation occurs over the ocean, constituting the single largest 
flux in Earth’s water cycle (6).  





https://www.whitehouse.gov/climate/#:~:text=Reducing U.S. 
greenhouse gas emissions,zero emissions economy by 2050

https://www.whitehouse.gov/presidential-actions/2025/01/
temporary-withdrawal-of-all-areas-on-the-outer-continental-shelf-
from-offshore-wind-leasing-and-review-of-the-federal-
governments-leasing-and-permitting-practices-for-wind-projects/

Before and After: 
US Federal Government’s Climate Action Plans

• 30 GW of offshore wind energy by 2030 (2.5K wind turbines) 
• 3000 GW by 2050 (250K)
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Big Picture Questions

1. Why offshore wind?

2. Why does air-sea interaction matters for wind energy production?

3. What are the environmental impacts of wind energy production?



Why offshore wind?

Goals: 

Composition:
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44009
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6 NDBC buoys

currently 62x 
13MW wind 

turbines

US Northeast Lease/call areas (NREL 2022)hub height wind speeds

• Winds are stronger and steadier offshore 
• Supply is higher offshore, closer to cities with high electricity 
demand 

• Less conflict with local communities  

• Previous Federal Gov. Climate Action Plan: 30 GW by 2030 &  
3000 GW by 2050 

• Protecting biodiversity & promoting ocean co-use 
• Huge changes in the way we use coastal/shelf oceans



Big Picture Questions

1. Why offshore wind energy?

2. Why does air-sea interaction matters?

3. What are the environmental impacts of wind energy production?



Wind turbines are huge and getting bigger
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• Big turbines drive cost down / MW. 
• Engineering challenges in transportation, 
installation, construction, and 
maintenance 

• Greater environmental impacts

Source: IEA (2019) Offshore Wind Outlook 2019
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Wind turbines extract kinetic energy from the atmosphere to generate electricity. 
This reduces wind speed and increases turbulence downstream.

Wind Wakes

Wind Wakes Ocean Wakes



High-density offshore structures

Currently, there are ~3,200 active oil rigs in the Gulf of Mexico.  
However, unlike wind farms, they do not generate significant structural wind wake impacts.



Big Picture Questions

1. Why offshore wind energy?

2. Why does air-sea interaction matters for wind energy production?

3. What are the ocean impacts of wind energy production?



Wind farm wakes in mesoscale models245.5 m
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Wake-ocean interactions in a fully coupled mesoscale model

Experiment Wind Farm (WF) Ocean Coupling (OC)

OC_WF Yes Yes

OC_NWF No Yes

NOC_WF Yes No

1418 X 12MW wind turbines in all MAB lease 
areas, with total installed capacity = 17016 MW

1.5 km SCOAR WRF-ROMS-WW3 simulations 

~50 m depth

SCOAR Regional Coupled Model  
Seo et al. (2007, 2016), Sauvage et al. (2024)



1 nmi.

Vineyard Wind 1: 62x 13 MW turbines with a 
total capacity of 806 MW. → Largest 
completed offshore wind project in the US 



Wake-ocean interactions

OC_NWF (unperturbed) OC_WF (with wind farms)

Net dowwnard 
heat flux (Qnet)

Entrainment 
cooling

 (MLD~5m)

PBLH
(~200m)
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reduced wind 
speeds

Diagnose the 
impacts on air-
sea interactions 
induced by wind 

wake effects



Wind deficit @ hub height (138 m)

>11m/s: rated speed

Parameterized wake effects in the coupled model: 
OC_WF - OC_NWF

Sea surface temperature response
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Climatological effects of wind wakes
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Climatological effects of wind wakes on the ocean
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Quantifying SST warming driven by ocean ML processes

in the unperturbed case (OC NWF). The stability-dependent composite averages presented in this595
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Here,𝑁 is the mixed layer temperature (MLT), 𝑆 is the mixed layer depth, and the angle brackets601

indicate vertical averaging over 𝑃 = 𝑆 + 𝑌, where 𝑌 is the sea surface height. ROMS discretizes the602

tracer (e.g., temperature) evolution equations in conservation form, meaning that advection terms603

are expressed as the divergence of tracer fluxes. The MLT tendency (TEND) of Eq. 3 is balanced604

by the terms on the right-hand side.605

HADV and VADV describe divergence of heat flux due to advection by the horizontal current,606

𝜴 = (𝑍, 𝑎), and vertical transport through the base of the mixed layer. 𝑄 is the vertical velocity.607

Note that 𝑄𝑁 = 0 at the sea surface. HMIX and VMIX correspond to horizontal and vertical608

turbulent mixing, with 𝑇h and 𝑇v denoting the horizontal and vertical di!usivity coe”cients. HMIX609

is generally negligible relative to other terms. ENT captures entrainment cooling, where ω𝑁 is610

the temperature di!erence between the mixed layer and the layer below. This term quantifies the611

cooling e!ect of incorporating colder subsurface water resulting from the deepening of the mixed612

layer depth. The term QFLX represents the surface heat flux, where 𝑈net is net heat flux (positive613

when heating the ocean), and 𝑈sw |𝑅=↓𝑆 is the portion of shortwave radiation that penetrates below614

the mixed layer, hence does not contribute to the MLT budget. 𝑉 and 𝑊𝑋 are seawater density and615

the specific heat capacity, respectively.616

We computed each term in Eq. 3 using daily averaged ROMS output. With online temperature617

diagnostics enabled, ROMS calculates temperature tendencies from each term in the tracer equation618
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Time-integrated ROMS 
online heat budget: 

Reduced entrainment 
cooling due to shallow MLD 

plays a dominant role. 
(not shown) In NJ, upwelling 
change and vertical mixing 

contribute as well.



Directional Wave Spectra

NOWF: wind-sea NOWF: swell

Wave regime shift from ‘wind-sea’ to ‘swell’ as the wind speed is reduced

WF-NOWF: wind-sea WF-NOWF: swell

Sauvage et al. (2025)



Correlation bet’n wind and SST (spatially high passed)

Seo (2017)

Ocean Mesoscale Air-Sea Interaction
SST, current, and surface drag mediated by the ocean mesoscale eddies  

modifies the MABL stability, surface wind, and air-sea flux  
(e.g., Chelton et al. 2004; Small et al. 2008; Seo et al. 2023)
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D. SCIENCE INVESTIGATION
The open science Butterfly mission reveals whether small-scale 
air–sea fluxes have an outsized effect on large-scale weather and 
climate. 

American mathematician and meteorologist Edward Lorenz 
once pondered “Does the flap of a butterfly’s wings in Brazil set off a 
tornado in Texas?” (1). The Butterfly mission is about small changes 
having large impacts. Small-scale ocean features can affect large-
scale weather and climate. Small changes in the way we do science 
can amplify opportunities for unanticipated discoveries.  
D.1 SCIENTIFIC BACKGROUND, GOALS, AND OBJECTIVES
Butterfly helps us prepare for and mitigate extreme weather 
events and climate change by improving our understanding and 
prediction of how the ocean affects weather and climate. 

The ocean, the largest reservoir of heat and water on Earth, 
exchanges heat and moisture with the atmosphere through turbulent 
fluxes at the air–sea interface (Fig. D-1). These fluxes impact 
atmospheric and oceanic variability, thereby modifying weather and 
climate, including precipitation patterns, terrestrial water availability, 
floods and droughts, and extreme events such as terrestrial and 
marine heatwaves. Accurate global 25-km flux measurements are 
needed to improve our knowledge of air–sea interaction processes 
and how they impact weather and climate model predictions (2-4).  

Butterfly’s single-satellite mission is designed to deliver estimates 
of global air–sea turbulent heat and moisture fluxes (hereafter air–
sea fluxes) at the 25-km spatial resolution and 15% net uncertainty 
needed to transform our understanding of the contribution of air–
sea fluxes to weather and climate. It carries a single passive 
microwave instrument, placed into a polar orbit with a swath width 
>640 km. 91% global coverage is achieved in 2 days.
D.1.1  BUTTERFLY BACKGROUND

The turbulent heat flux at the air–sea interface consists of sensible
and latent heat fluxes. Sensible heat flux is the heat released or gained 
by the ocean, based on the air–sea temperature difference. Latent 

heat (moisture) flux is the heat released by the ocean when seawater 
evaporates, which is associated with relative humidity. Ocean-surface 
winds affect both fluxes. The stronger the wind, the larger the fluxes, 
given the same air–sea temperature and humidity difference. Some of 
the largest fluxes occur over Western Boundary Currents (WBCs) 
(e.g., Gulf Stream, Kuroshio) when dry, cold continental air is carried 
over these large warm currents by mid-latitude westerlies (7). The 
high wind speeds and large air–sea temperature and humidity 
differences result in large sensible and latent heat fluxes. However, 
not only are the magnitudes of these fluxes important, but their 
spatial gradients are as well (8, 9). This is true even in regions outside 
the WBCs: Small-scale (~25 km) sea surface temperature (SST) 
variations associated with ocean fronts and eddies are ubiquitous in 
the world ocean (see Fig. D-2 and (10)). Butterfly combines 
simultaneous ocean and atmosphere measurements to provide the 
first estimates of high-resolution air–sea fluxes from space. Recent 

Figure D-1. Butterfly measures <25 km heat and moisture exchanges 
between the ocean and atmosphere that impact global weather and 
climate. The ocean supplies heat and moisture to the atmosphere and 
absorbs >90% of the energy trapped by global warming (5). 86% of 
global evaporation occurs over the ocean, constituting the single largest 
flux in Earth’s water cycle (6).  

NASA Butterfly

100s km 

100s m

Gentemann et al. (2020)

https://nasa-butterfly.github.io


+0.3-0.4K

Isolating the coupled effect of offshore wind farms

OC_WF 
(Wind farm and coupling)

NOC_WF  
(Wind farm but no coupling)

vs

Positive SST anomaly removed in NOC_WF

Experiment Wind Farm (WF) Ocean Coupling (OC)

OC_WF Yes Yes

OC_NWF No Yes

NOC_WF Yes No

SST warming 
effect removed



Local ocean coupling 
increases, offsetting wind-

stress deficits and 
contributing to PBL 

deepening by 15-20% 

Uncoupled models may 
overestimate the stress 

deficits and underestimate 
the PBLH deepening. 

Efect of wind farm  
with ocean coupling

~2*10-3 N/m2

Efect of wind farm  
without ocean coupling

-1*10-2 N/m2
recall

Wind stress

recall

PBLH PBLH

Wind Stress

PBLH

Isolating the coupled effect of offshore wind farms

+20m -100m



How high does the ocean coupling effect reach in the ABL?

10-20%

negligible
negligible

warming 
extends 
higher

The wake-driven coupling modulates the 
ABL stability, but its impacts on wind 

appear to be limited to SL (<50 m).

No evidence of the notable coupling effects 
on winds at turbine-relevant heights and 

hence accumulated power output. 

Wind speed Temperature



Summary and Discussion

Unperturbed condition WInd farm effect without ocean coupling

Dowwnard 
heat flux

Entrainment 
cooling

PBLH
(~200m)

WInd farm effect with 
ocean coupling

Reduced 
entrainment cooling

anomalous 
upward heat flux

Even more elevated PBLH due to additional 
buoyancy production of TKE

Elevagted PBL due to TKE

• Wake-driven wind stress reduction leads to anomalously warm SST of 0.3-0.4°C. 
• SST warming is driven primarily by the ocean mixed-layer processes (bottom-up). 
• The ocean coupling effect is most pronounced in the surface layer and has no impact at turbine-

relevant heights. 


