
Lecture 6: 
The Oceanic Heat Budget



Goals for Lecture 6

 Introduction to the global heat budget 

(IPO)

Ch 5

(Levitus et al. 2012)



Learning Objectives
• Understand components of ocean heat budget

• Understand driving forces of ocean heat budget

• Know approximate magnitude of major energy 
fluxes into / out of the ocean (geography)

• Know global heat budget and approximate values

• Understand physical reasons for ocean heating

• Know warming trends for global ocean

• Understand concept of diffusion gradients

(and influence on heat flux)

• Understand evidence and impacts of the 
greenhouse effect in the global ocean



Big Picture: Oceanic Heat Budget
• Critical role of the ocean 

in global heat budget

• Ocean Heat Fluxes
– Input

• Solar flux 

– Output
• Latent heat
• Long wave radiation
• Sensible heat 

(conduction)

• Estimating heat fluxes
– Geographic variability
– Modern Ocean Heating



Role of ocean in global heat budget
• The ocean is the most important component of 

the earth’s heat budget

– Covers 71% of the surface of the earth
– Ocean has a low albedo (except sea ice)
– Very high heat capacity 

• Ocean contains 1000 times more heat than the 
atmosphere, and about 100 times than the land

• Seasonal processes: 
– Water column mixing
– Heat storage 



Heat Capacity:

• Ocean: 4000 J/kg

• Lithosphere (rock and soil): 800 J/kg

• Atmosphere: 1000 J/kg

Exchange Volume: exchanging heat seasonally

• Ocean: upper 10 – 100 m

• Lithosphere: 1 - 2 m

• Troposphere:  100 km

Role of ocean in global heat budget



Conservation of heat energy in 
the global ocean

• Oceanic heat sources / sinks (from Stewart)
– Solar radiation: Qsw (+)
– Long wave radiation: Qlw (-)
– Conductive (sensible) heat Qs   (-)
– Latent heat loss Ql (-)
– Advective heat loss/gain      Qv (+/-)

• Qt = Qsw + Qlw + Qs + Ql + Qv

• Over short time scales, global ocean heat 
budget is roughly in steady state (dQt / dt = 0)
dQt/dt = 0 = Qsw + Qlw + Qs + Ql + Qv



Ocean Heat Fluxes
Approximate Magnitudes (Watts / m2) 

(mean over 24 hours)

• Qsw - solar radiation
• +150 (annual range 80 to 200)

• Ql- evaporation / condensation – latent heat
• - 90 (annual range -50 to -160)

• Qlw – long wave radiation
• - 50  (small annual range)

• Qs – conduction
• -10 (annual range +5 to -40)

• Qv – advective heat

• NOTE: 
What should Qv be when averaged over entire ocean?



Downward Energy Flux into the Sea

1. Highest insolation at ~30 deg N & S in summer 
(longer days) and high incident angle

2.No insolation at high latitudes in winter

From:
Stewart (IPO)

Qsw - solar 
radiation



Solar Insolation
Influencing Factors

• Day length: 0 to 24 hours at poles
• 9.6 to 14.4 hours at 35 degrees 
• 12 hours at 0 degrees

• Solar elevation (angle)
– Absorption increases with solar elevation
– Increased heat input and decreased albedo 

within decreasing incident angle
• ~2% @ 90o ~40% @ 5o

• Scattering: Decreases with incidence angle 

• Atmospheric absorption:
- Gases, clouds and particles
- Decrease solar intensity 



1. High energy 
radiation (UV) 
largely 
removed

2.Relatively 
transparent          
to visible 

3.Absorption            
of long wave 
radiation

Atmospheric Absorption

From: Stewart (IPO)



Geographic Distribution of Fluxes
Solar Radiation to Surface (Qsw) 



Latent Heat Loss
Influencing Factors

• Mean volume ocean evaporation: 1.0 – 1.2 m yr -1

• Rate of evaporative heat loss based on water 
vapor gradient and turbulence in overlying air

Sea Surface

Ql-
latent 
heat



Latent Heat Loss
Influencing Factors

• Equations to estimate this heat flux: 
– Influenced by wind speed (implied turbulence)

– Example:  Qe (evaporation) = fe*Lh

• fe = water vapor gradient (de/dz) * diffusion 
coefficient (kg/m4 * m2/sec = kg/m2sec)

• Lh = latent heat evaporation (J/kg)

• Units of Qe = kg/m2sec * J/kg = 
J/m2 sec = watt/m2

• Heat capacity changes with temperature: 
8% higher at 10o than 100o



Geographic Distribution of Fluxes
Latent Heat Flux (QL) 



Qlw –
long wave 
radiation

Long Wave Radiation 
Influencing Factors

• Primarily determined by SST

• Atmosphere also a source of long radiation

• Long wave radiative flux depends on: 
temperature of ocean, atmosphere 
temperature and air water vapor content

• Long wave flux strongly influenced by:
– Cloud cover amount and height
– Atmospheric water vapor content

• Heat flux estimates at any particular 
location are very uncertain



Geographic Distribution of Fluxes
Long Wave Radiation (QLW) 



Qs –
conductive
(sensible)

Conductive Heat Loss

• Flux dependent on heat gradient in overlying air 
and turbulence in overlying air 

• Parameterized by eddy diffusion coefficient

• Coefficient estimates eddy diffusive flux of a 
property given magnitude of property gradient:

• Equation used to estimate this flux:

Watts / m2 = 
= Cpair * eddy diffusion coefficient * Delta T
= m3 /sec2 oC * kg / m2sec * oC



Geographic Distribution of Fluxes
Sensible Heat (Qs) 



Estimation of Heat Fluxes

• Basic approaches shown before 

• Many formulations available 

• All are approximations 

• How well do we know these fluxes ?

• Very approximate on local scale 

• Much better when averaged over large areas



Geographic Distribution of Fluxes
Net Heat Flux



Oceanic Heat Budget - Geography 
Northern Hemisphere

Solar (s) 
important at 
higher latitude 

Conductive (h)            
and long wave (b) 
fairly constant

Latent (e)             
latitude 
dependent

Note: input = output 
(through ocean surface)

Input = Output



Modern Estimate 
(Both Hemispheres)

Note: 
Same 
general
features 
in both 
hemispheres

Note: heat gain 50 – 60o S



Meridional Heat Transport

2. Maximum poleward flux at mid-latitude
3. Atlantic more heat flux in North (deep water)
4. Pacific more heat flux in South (larger ocean)
5. Some equatorward heat flux in Southern Ocean

Features 
to note:

1. Fluxes reflect 
surface and 
deep-water flow



https://icoads.noaa.gov/

International Comprehensive Ocean-Atmosphere Data Set 
(ICOADS) offers surface marine data spanning the past 
three centuries, and simple gridded monthly summary 
products for 2° latitude x 2° longitude boxes back to 1800 
(and 1°x1° boxes since 1960)—these data and products are 
freely distributed worldwide. 

https://icoads.noaa.gov/
https://icoads.noaa.gov/products.html


Geographic distribution of fluxes
Short wave (Qsw) and Long wave (Qlw)

Heat flux to sea 
surface

Why are there 
meridional contours?

Long wave heat flux 
leaving ocean

Why isn’t QLW

greatest in the 
warm pool?



Conservation of heat energy in 
global ocean

• Qt = Qsw + Qlw + Qs + Ql + Qv

• Oceanic heat sources / sinks (from Stewart)
– Solar radiation: Qsw (+)
– Long wave radiation: Qlw (-)
– Conductive (sensible) heat Qs   (-)
– Latent heat loss Ql (-)
– Advective heat loss/gain      Qv (+/-)

• Over long time scales, global ocean heat 
budget is not in steady state (dQt / dt = 0)
dQt/dt > 0 = Qsw + Qlw + Qs + Ql + Qv



Modern (global) Ocean Heating 



Modern (Global) Ocean Heating 

• Is ocean 
heat 
content            
in steady 
state ?

• Extremely 
timely area 
of research



ARGO is a park and profile mission:  

float descends to target depth of 
1000m to drift for 10 days 

and descends to 2000m to do 
temperature and salinity profile. 

(Levitus et al. 2012)



History of ocean 
temperature data 1934

1960

1985

2009

• Updated estimates of 
the change of ocean 
heat content and the 
thermosteric component 
of sea level change of 
the 0–700 and 0–2000 
m layers of the World 
Ocean for 1955–2010. 

• Used a variety of data: 
historical, ARGO floats, 
and bathythermograph.



Results

• 1955 – 2006

• 0-2000 m (+24.0 * 1022 J) or (+0.09oC) and (+0.39 
W m-2 ocean and +0.27 W m-2 earth’s surface)

• 0-700 m (+16.7 * 1022 J) or (+0.18oC) and (+0.27 
W m-2 ocean and +0.19 W m-2 earth’s surface)

• Ocean accounts for ~93% of Earth’s warming



1955 – 2006 Trends

Errors represent +/- 2.*S.E. about pentadal estimate. 
Data coverage represents % of one-degree squares 
(globally) with at least 4 pentadal anomaly values/.



1955 – 2006 Trends

Linear trend and total 
increase of ocean basin 
heat content based on 
global ocean and 
individual basins, as a 
function of depth for  
100 m thick layers, from 
the surface to 2000 m.

Vertical and geographic 
differences: 

- surface warming
- thermocline deepening 



1955 – 2006 Trends

Linear trend in zonally integrated ocean heat 
content for the World Ocean and individual ocean 
basins as function of latitude for 0–2000 m layer. 



Thermosteric Rise
As ocean temperature 

increases, the water 
density decreases and                                          
the volume increases. 
Sea level goes higher.

The observed rates: 

• 0 - 2000 m 

~ 0.54 mm yr-1

• 0 - 700 m 

~ 0.41 mm yr-1

(Levitus et al. 2012)



Corrections to ocean-temperature 
record resolve regional differences
Improving historical temperature estimates is a key 
focus for climate researchers. 

Until recently, most measurements not aimed at 
detecting long-term climate changes. Rather, 
intended to document average climate conditions or 
were for shorter-term meteorological purposes. 

Adjustments to methods that introduced biases of 
a few tenths of a degree Celsius were common. 
Although these biases were of little concern at the 
time, they become substantially more relevant when 
trying to detect long-term changes in global 
temperature of about 1 °C over the past 150 years.



Corrections to ocean-temperature 
record resolve regional differences

Innovative approach 
accounts for differences 
in how SST measured 
in early 20th century. 

In XIXth century SST measurements using wooden 
buckets that were thrown over the sides of ships, 
filled with water and hauled up. Temperature of the 
water in buckets measured using a thermometer.

What factors could affect water temperature? 

(Chan et al. 2019)

https://www.npr.org/2019/08/19/750778010/how-much-hotter-are-the-oceans-the-answer-begins-with-a-bucket?fbclid=IwAR2txW1qqIOJjhD0LP3cb09rlr8HXTu6Dp-IdH5Ti88JERQr7Xyj2hLVDM4


Corrections to ocean-temperature 
record resolve regional differences
Bucket measurements can be affected by a wide 
range of factors.  These include: 

where was the bucket stored
the height of the ship
the composition and size of the bucket, 
how long it remains in the sea, 
whether the water is stirred before measurement 
and how long the thermometer is left in the water. 

Little information has survived to the present day. 
As a result, researchers had to inaccurately treat 
many bucket measurements as having same bias.



Corrections to ocean-temperature 
record resolve regional differences
While buckets were being hoisted up, evaporative 
cooling and exposure to ambient conditions reduced 
temperature of water by few tenths of a degree C.

Bias exacerbated by transition to poorly insulated 
canvas buckets in late XIXth century, until WWII. 

Accounting for cold bias in bucket measurements is 
single largest adjustment to ocean temperature 
record. Without it, the estimated rate of ocean 
warming from 1850 to the present would be about 
30% higher.



Corrections to ocean-temperature 
record resolve regional differences
Chan et al. used clever way to tackle this problem:

Looked at the difference between SST 
measurements that were made within 300 km and 2 
days of one another, producing a data set of 6 
million measurement pairs between 1908 and 1941.

Ships grouped by national origin, on assumption that 
ships from same country would use similar methods. 

Authors found sizeable offsets in SST estimates 
between national ship groups, ranging from:
−0.3 °C to +0.6 °C.



Corrections to ocean-temperature 
record resolve regional differences
Measurements from Japanese ships in North 
Pacific became about 0.35 °C cooler after 1930, 
compared with those from other countries. 
Change caused by switch from whole-degrees F to C 
and dropping any numbers after the decimal point.



Corrections to ocean-temperature 
record resolve regional differences

The authors identified a similarly large change in 
the North Atlantic that is associated with German 
readings, but the cause of this change is less clear.



Corrections to ocean-temperature 
record resolve regional differences
Analysis SST record from 1908 to 1941, reveals 
that some climate variations thought to have 
occurred in North Atlantic and North Pacific are an 
artefact of changes in measurement approaches.



Corrections to ocean-temperature 
record resolve regional differences

Results suggest 
modestly less 
warming in North 
Atlantic Ocean 
and substantially 
greater warming  
in North Pacific 
Ocean from 1908 
to 1941, relative 
to previous 
estimates. 



More homogeneous early-20th

century sea surface warming
Correcting regional SST data  sets leads to a 
more homogeneous trend of early XXth century 
sea surface warming       (Chan et al. 2019)

Ongoing 
subsurface 
warming               
(0 – 700 m).

Update from 

(Levitus et al. 2012)
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