


1. Introduction27

\In few departments of Natural Philosophy have Philosophers di�ered more widely in28

opinion, than in the comparison of the temperatures of the two hemispheres."(Harvey29

1834, p. 29). Indeed, the scienti�c debate on the surface air temperature di�erence between30

Earth's hemispheres and its causes has a long and rich history which can be traced back to the31

beginning of the 16th century. When the early navigators explored the higher latitudes of the32

Southern ocean, their reports suggested cooler conditions than the ones found at equivalent33

latitudes in the North. Therefore, the notion of the Southern hemisphere being much colder34

than the Northern hemisphere on annual average developed (see the discussions in Kirwan35

1787; von Humboldt 1817; Harvey 1834), although there were hardly any measurements to36

support this hypothesis.37

One reason for possible di�erences in average hemispheric surface air temperatures al-38

ready suggested in the 18th century are di�erences in seasonal insolation arising from the fact39

that the Earth is closer to the Sun during Southern summer, passing the point of minimum40

distance (perihelion) on its elliptical orbit in the beginning of January.41

Although in the meantime debated on inaccurate theoretical grounds, the notion of a42

colder Southern hemisphere was con�rmed by the increasing availability of meteorological43

measurements from both hemispheres in the 19th century. One of the more prominent sci-44

entists investigating this phenomenon was Alexander von Humboldt (1817), who attributed45

the temperature di�erence to the larger tropical land area in the Northern hemisphere. Un-46

der equal solar radiation, land tends to be warmer than the ocean. It was argued that47

this e�ect would lead to warmer tropical latitudes in the Northern hemisphere and thus at48
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least contribute to a positive temperature di�erence between the Northern and the Southern49

hemisphere.50

Furthermore, an in
uence of ocean currents on the latitudinal distribution of surface air51

temperatures on Earth was already suggested in the 19th century (Croll 1870; Zenker 1888),52

in particular the e�ect of the Gulf Stream on temperatures in the Northern hemisphere.53

By the beginning of the 20th century, a small temperature di�erence of 1� 2� C between54

the Northern and Southern hemispheres was well established in meteorology (Lockyer 1906).55

It should be noted that this value of the hemispheric temperature di�erence is already56

remarkably close to the one derived from modern measurements discussed later in this paper.57

The marked di�erence between surface temperatures in the Antarctic and the Arctic was58

discussed as an additional factor in the asymmetry between Earth's hemispheres in the fol-59

lowing decades (e.g., Flohn 1981). The di�erences between Earth's polar regions are mainly60

due to geography: While the Arctic comprises a partly ice-covered ocean surrounded by con-61

tinents, its Southern equivalent consists of the continent Antarctica which is continuously62

covered by ice and surrounded by open ocean.63

In this brief journey through history, we have already encountered several possible con-64

tributing factors for the warmer Northern hemisphere: Di�erences in seasonal insolation, the65

in
uence of the Antarctic, the di�erent distribution of land masses (in particular in the trop-66

ics), and �nally a possible contribution of ocean currents transporting warmer water from67

the South across the equator. These suggested causes are still listed in modern textbooks.68

A systematic assessment of the contribution of these factors to the hemispheric temperature69

di�erence, however, has to the best of our knowledge not been performed so far and will be70

presented in this work.71
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tive interhemispheric temperature di�erence of 5.20� C for the oceans contrasted by a large176

negative di�erence of � 6:80� C for the land areas (and� 4:88� C for CRU data corrected177

for elevation e�ects). These large di�erences result both from the warmer North Atlantic178

and from the much higher fraction of continental area at high latitudes in the Northern179

hemisphere (see lower panel of Figure 3).180

For the whole hemispheres, the Northern oceans are warmer by 4:24� C in the CRU181

data, while the land areas exhibit an interhemispheric temperature di�erence of only 0.74� C182

(� 1:13� C in the elevation corrected data). It is thus the surface temperatures over the oceans183

rather than the land areas which are responsible for the temperature di�erence between the184

two hemispheres.185

Note, however, that there are a number of factors resulting in an increase of the land-ocean186

contrast in surface air temperatures under global warming (see the discussion in Section 1);187

we will come back to this issue in Section 8 where we explore the future evolution of the188

interhemispheric temperature di�erence.189

5. Top-of-the-Atmosphere Insolation190

Historically, di�erences in the energy budget (and hence temperatures) of Earth's hemi-191

spheres have often been attributed to annual or seasonal di�erences in top-of-the-atmosphere192

insolation.193

At the top of the atmosphere, the hemispheres receive slightly di�erent amounts of solar194

radiation in corresponding seasons due to the tilt of Earth's axis and the elliptical shape of195

its orbit. Speci�cally, Earth passes its perihelion (the point of closest approach to the Sun)196
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tribute to the much lower Antarctic surface air temperatures (King and Turner 1997), in-260

cluding the high elevation of Antarctica, the lack of heat transfer from a polar ocean as261

compared to the Arctic, and the isolating e�ects of the Antarctic circumpolar ocean current262

and the polar atmospheric vortex. Elevation is clearly very important for Antarctic temper-263

atures, but the hemispheric temperature di�erence persists even in elevation-corrected data264

as shown in Section 3. The main e�ect of the other factors will be a re-distribution of energy265

within the Southern hemisphere and can therefore not explain any di�erence between the266

hemispheres.267

To assess the importance of polar temperature di�erences on the temperature di�erence,268

a simple test has been performed in which surface temperatures below the Antarctic circle269

were replaced by their Northern counterparts. For the surface air temperature data not270

corrected for elevation, this drastically reduces the interhemispheric temperature di�erence271

by 80 � 90% in the three datasets described above. Much of this is driven by elevation,272

however, as can be directly seen from a comparison of Figures 1 and 5. The correspond-273

ing reduction of the temperature di�erence in the elevation-corrected data is only� 20%.274

This simple estimate certainly overestimates the contribution of polar albedo di�erences to275

the observed interhemispheric temperature di�erence since factors other than albedo a�ect276

the polar temperature di�erence as well, not least the northward transport of heat by the277

overturning circulation.278

To summarise, in the CERES-FT08 data-set (where the Southern hemisphere receives279

about 0:2 PW more solar radiation at the top of the atmosphere) the South re
ects about280

0:1 PW more radiation back into space than the North, resulting in a slightly larger (by281

roughly 0:1 PW) 
ow of solar energy into the climate system in the Southern hemisphere282
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(see Table 2 for a summary). The energy budget of the hemispheres is given by the di�erence283

of this incoming solar radiation and the outgoing infrared radiation which will be discussed284

next.285

b. Long-Wave Emission and Radiative Imbalance286

The net incoming solar radiation at the top of Earth's atmosphere (122:6� 0:2 PW in the287

CERES-FT08 data, 2� uncertainty range) is (nearly) balanced by its emission of infrared288

radiation. The CERES-FT08 data show that 122:1 � 0:4 PW are emitted globally per year,289

with Northern hemispheric emissions of 61:2 PW exceeding the Southern hemisphere's of290

60:9 PW by about 0.3 PW, which is of the same magnitude as the uncertainties. These291

slightly higher long-wave emissions in the North are a direct consequence of the higher292

surface-air temperatures in the Northern hemisphere.293

The satellite data also show that in today's changing climate the whole Earth absorbs294

more energy than it emits. This global radiative imbalance totals 0:5 � 0:3 PW per year.295

Interestingly, in terms of hemispheric 
ows the radiative imbalance is largely driven by the296

Southern hemisphere: While it adds up to only 0:1 PW North of the equator, the radiative297

imbalance amounts to 0:4 PW in the Southern hemisphere, with 2� uncertainties of about298

0:3 PW. Note that this imbalance goes mostly into the ocean heat uptake and is hence299

expected to be larger in the Southern hemisphere where there is more ocean.300
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c. Summary301

In terms of the energy balance, a hemispheric temperature di�erence can be caused by302

three e�ects:303

(i) a di�erence in absorbed solar radiation,304

(ii) a di�erence in outgoing longwave radiation, and305

(iii) a cross-equatorial heat transport.306

Each of these depends to some extent on the hemispheric temperatures, most notably307

(ii) since outgoing longwave radiation strongly depends on temperature and primarily acts308

as a negative feedback working to remove any hemispheric di�erence.309

The e�ect of the cross-equatorial heat transport is special in that the overturning cir-310

culation in the oceans transports a large amount of heat from the colder to the warmer311

hemisphere, thereby promoting rather than damping the temperature di�erence.312

The satellite data show that while both hemispheres absorb roughly equal amounts of313

solar energy, the Northern hemisphere emits more longwave radiation to space, primarily314

due to its higher temperature. Without any northward energy transport, this would quickly315

diminish the observed temperature di�erence. Since the temperature di�erence has persisted316

at least over the 20th century, however, it is reasonable to conclude that most of the net317

energy received by the Southern hemisphere is transported to the Northern hemisphere,318

either in the ocean or in the atmosphere. The meridional heat transport in the climate319

system will be investigated in detail in the following Section.320
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around Antarctica combined with a slight underestimate of Arctic sea ice area in the model387

used in this study (Montoya et al. 2005).388

A comparison of the latitudinal distribution of the annually-averaged surface-air temper-389

atures in this simulation with observations is shown in Figure 5. The temperatures from390

the model simulation are corrected for elevation in the same manner as the observational391

data (see Section 3) using the topography map of the model. Both distributions show good392

general agreement.393

To assess the importance of meridional heat transport in the oceans on the hemispheric394

surface air temperature di�erence, we perform simulations in which the Atlantic overturning395

is switched o� by applying arti�cial freshwater input to the Northern Atlantic deep-water396

formation regions. Starting from the equilibrium simulation described above, we slowly397

build up a negative salinity forcing equivalent to 0.6 Sv freshwater forcing over a period398

of 6,000 years. This negative salinity forcing is applied in the part of the North Atlantic399

ranging from 52� N to 80� N and 48� W to 15� E and compensated by adding the same amount400

in the Northern Paci�c (20 � N to 50� N, 150� W to 240� E). When the full forcing of 0.6 Sv is401

reached after 6,000 years, the simulation is continued for more than 2,000 years to ensure402

that a new equilibrium state is approached.403

As shown in Figure 6, the maximum strength of the Atlantic overturning circulation404

decreases from its initial value of' 16:5 Sv to near zero in the new equilibrium state. In405

parallel, the surface air temperature di�erence between the hemispheres diminishes from406

' +1:5� C to ' � 0:05� C. Switching o� the overturning circulation thus e�ectively makes407

the temperature di�erence between the Northern and Southern hemispheres disappear. The408

resulting latitudinal temperature distribution is shown in Figure 5. The changes in temper-409
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ature are almost symmetric about the equator and increasing towards the poles where they410

reach absolute values of about 2� C.411

The annually averaged energy 
ows in both model experiments are shown in Figure 7. In412

the control experiment for the pre-industrial climate, the Northern hemisphere emits 0:3 PW413

more than it absorbs, while the situation is reversed in the Southern hemisphere. The excess414

energy from the South is transported across the equator by ocean currents, pumping 0:5 PW415

into the Northern hemisphere. Furthermore, there is a much weaker atmospheric 
ux of416

0:2 PW back into the South. Within the observational errors, these values agree with the417

satellite measurements discussed in Section 6.418

After shutting down the overturning circulation, the absolute value of the radiative im-419

balance at the top of the atmosphere is reduced to 0:2 PW for both hemispheres, and the420

oceanic heat transport is diminished to just 0:1 PW. The atmospheric transport is now of421

the same magnitude, but in contrast to the control simulation, it is now directed from the422

Southern to the Northern hemisphere.423

The absorbed solar radiation in the pre-industrial model simulation also promotes the424

temperature di�erence (more energy is absorbed in the warmer Northern hemisphere), but425

this is not supported by the satellite data discussed in Section a which show { within the426

error limits { an equal absorption in both hemispheres (see also Table 2). Also, in the model427

this is not the cause of the hemispheric temperature di�erence, which vanishes in the model428

when the Atlantic meridional overturning is shut down.429

Hence both the satellite data and the model support the conclusion that it is not a430

di�erence in absorbed solar radiation but primarily the northward ocean heat transport in431

the Atlantic which causes the Northern hemisphere to be warmer than the Southern. This432
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As can be seen in Figure 9, the increase of the temperature di�erence between Northern483

and Southern hemisphere under warming continues until� 2020 under all RCP scenarios.484

After this point, however, the RCPs considerably di�er in their e�ect on the temperature485

di�erence. While the di�erence continues to rise to a maximum of� 2� C around the year486

2080 in the strong warming scenario RCP8.5, it declines to below� 1:6� C by the end of487

the century in the stabilisation scenario RCP2.6, with the other two RCPs between these488

extremes.489

As for the changes of the temperature di�erence over the past millennium, this can be490

understood in terms of the competing e�ects of a decrease in the overturning circulation on491

the one hand and combined e�ect of the land-ocean warming contrast and Arctic sea-ice loss492

on the other hand: For the lower RCPs the decrease in Atlantic overturning dominates and493

results in a decreasing interhemispheric temperature di�erence. For the RCP8.5 scenario,494

however, the increased warming over land and the melting of sea ice in the Arctic yields an495

increasing temperature di�erence between the hemispheres despite a reduction in overturning496

strength. The counter-intuitive decrease of the interhemispheric temperature di�erence after497

� 2015 in the RCP2.6 scenario at roughly constant sea-ice area and overturning strength is498

due to a decrease in ocean heat uptake in the Southern Ocean (not shown).499

The contribution of the increased warming ratio over land discussed in Section 1 to the500

future evolution of the interhemispheric temperature di�erence can be assessed by computing501

the land-ocean warming ratio in the time period 2081{2100 relative to 1981{2000 (with an502

average value of' 1:3 for the RCP simulations in our model), and arti�cially adjusting503

the warming over land by dividing the temperature change in land cells by this average504

land-ocean contrast before calculating the interhemispheric temperature di�erence. In this505
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exercise, the temperature di�erence between the Northern and the Southern hemisphere506

decreases by 0.02� C, 0.05� C, 0.09� C, and 0.14� C for RCP2.6, RCP4.5, RCP6, and RCP8.5,507

respectively, showing that the land-ocean contrast signi�cantly contributes to 21st-century508

changes of the interhemispheric temperature di�erence for the higher RCPs. Estimates based509

on equation (2) yield similar values.510

9. Discussion and Conclusions511

Climatological data clearly show that the average surface air temperature in the North-512

ern hemisphere is (1:2 � 1:5)� C higher than in the Southern hemisphere. Historically, this513

temperature di�erence in the present-day climate has been attributed to a number of fac-514

tors, including di�erences in seasonal hemispheric insolation, the distribution of landmass,515

the comparatively low temperatures over the Antarctic, and heat transport by oceans to the516

North. Yet no detailed study has been performed so far to investigate if and to what extent517

these factors contribute to the hemispheric surface air temperature di�erence.518

In this paper we use satellite observations of the Earth's energy budget and simulations519

with a coupled climate model of intermediate complexity to answer the question as to why520

the Northern hemisphere is warmer than the Southern hemisphere.521

In terms of energy balance, the interhemispheric temperature di�erence could be caused522

by (i) di�erences in absorbed solar radiation, (ii) di�erences in emitted longwave radiation,523

and (iii) northward heat transport across the equator. The satellite data show that both524

hemispheres absorb nearly equal amounts of solar radiation over the year, but show a clear525

surplus of emitted longwave radiation in the North. This is mainly a consequence of the526
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Table 1. Annual and seasonal values for global and hemispheric averages of the surface air
temperature as well as the di�erence between the Northern and the Southern hemisphere
for di�erent observational data-sets. The last column lists the hemispheric temperature
di�erence corrected for the e�ect of elevation as discussed in the text.

Period Data-set Tglobal TNH TSH � TNH � SH � Tcorr :
NH � SH

Annual CRU 14:0 14:6 13:3 1:2 1:2
NCEP 13:8 14:5 13:1 1:4 1:3
ERA-40 14:1 14:9 13:4 1:5 1:5

DJF CRU 12:2 8:5 16:0 � 7:5 � 7:6
NCEP 12:3 8:6 16:0 � 7:4 � 7:5
ERA-40 12:5 8:8 16:2 � 7:4 � 7:5

MAM CRU 13:9 13:8 13:9 � 0:1 � 0:2
NCEP 13:6 13:7 13:6 0:1 0:0
ERA-40 14:1 14:2 14:0 0:2 0:1

JJA CRU 15:7 20:4 11:0 9:5 9:4
NCEP 15:3 20:3 10:3 10:0 10:0
ERA-40 15:8 20:8 10:8 10:0 9:9

SON CRU 14:1 15:6 12:5 3:1 3:0
NCEP 13:8 15:2 12:3 2:9 2:9
ERA-40 14:2 15:8 12:5 3:3 3:2
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Table 2. Summary of Earth's global and hemispheric energy 
owsF (based on the CERES-
FT08 data-set described in Fasullo and Trenberth 2008) at the top of the atmosphere. The
table lists global valuesFglobal , hemispheric values for the NorthernFNH and the Southern
hemisphereFSH as well as the di�erence �FNH � SH between the North and the South. All
values are given in PW (1015 W); quoted numbers are optimised for readability rather than
comparability of signi�cant digits.

Quantity Fglobal FNH FSH � FNH � SH

Top-of-atmosphere insolation� 174:8 87:3 87:5 � 0:2
Re
ected solar radiation 52:2 26:0 26:1 � 0:1
Incoming solar radiation 122:6 61:3 61:3 � 0:1
Outgoing long-wave radiation 122:1 61:2 60:9 0:3
Radiative imbalance 0:5 0:1 0:4 � 0:4

� Theoretically, the di�erence in the top-of-the-atmosphere insolation between the two hemispheres should

be zero, see Section 5 for discussion.
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List of Figures759

1 (a) Annual average of surface air (2-m) temperatures for the time period760

1961{1990 as a function of latitude for the CRU climatology (red) as well as761

the NCEP (blue) and ERA-40 (green) reanalysis data-sets. A temperature762

distribution symmetric about the equator constructed by taking the mean of763

the CRU temperatures in the North and the South for each latitude is also764

shown (black dashed line) to highlight where the curves deviate from symme-765

try. (b) Same as panel (a), but showing the di�erence from a symmetrised766

temperature distribution for each dataset. Equal intervals on the latitude axis767

correspond to equal areas on the globe. 45768

2 Same as Figure 1, but for seasonal averages of the surface air (2-m) tempera-769

tures as a function of latitude. The di�erent lines show the values for the CRU770

climatology (red) as well as the NCEP (blue) and ERA-40 (green) reanalysis771

data-sets evaluated in the period 1961{1990. The black dashed line indicates772

the annual temperature distribution from the CRU data-set. Equal intervals773

on the latitude axis correspond to equal areas on the globe. 46774
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9 (a) Future time evolution of the surface air temperature di�erence between824

the Northern and the Southern hemisphere in climate simulations forced by825

the Representative Concentration Pathways (RCPs). All curves have been826

smoothed using singular spectrum analysis (Ghil et al. 2002) with embed-827

ding M = 11. The estimated contributions from the land-ocean warming828

contrast as discussed in the text are indicated by the error bars to the right.829

(b) Percentage changes of the maximum strength of the Atlantic meridional830

overturning circulation (solid lines) and the Arctic sea-ice cover (�lled circles)831

for the RCPs shown in the upper panel. All percentage changes are expressed832

relative to the average in the time period 1971{2000. 53833
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Fig. 1. (a) Annual average of surface air (2-m) temperatures for the time period 1961{1990
as a function of latitude for the CRU climatology (red) as well as the NCEP (blue) and ERA-
40 (green) reanalysis data-sets. A temperature distribution symmetric about the equator
constructed by taking the mean of the CRU temperatures in the North and the South
for each latitude is also shown (black dashed line) to highlight where the curves deviate
from symmetry. (b) Same as panel (a), but showing the di�erence from a symmetrised
temperature distribution for each dataset. Equal intervals on the latitude axis correspond
to equal areas on the globe.
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Fig. 2. Same as Figure 1, but for seasonal averages of the surface air (2-m) temperatures
as a function of latitude. The di�erent lines show the values for the CRU climatology (red)
as well as the NCEP (blue) and ERA-40 (green) reanalysis data-sets evaluated in the period
1961{1990. The black dashed line indicates the annual temperature distribution from the
CRU data-set. Equal intervals on the latitude axis correspond to equal areas on the globe.
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Fig. 4. (a) Surface air temperature as a function of latitude for land (dashed line, corrected
for elevation) and ocean (solid line) from the CRU climatology for the years 1961{1990. (b)
Same as panel (a), but showing the di�erence from a symmetrised temperature distribution
for each dataset. Equal intervals on the latitude axis correspond to equal areas on the globe.
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Fig. 5. (a) Surface air temperature as a function of latitude for data averaged over 1961{1990
for the CRU climatology (red line) as well as the pre-industrial climate simulation (solid blue
line). As in Figure 1, a symmetric version of the CRU temperature distribution constructed
by taking the mean of the CRU temperatures in the North and the South for each latitude
is also shown (black dashed line) to highlight where the curves deviate from symmetry. The
temperature distribution in the the Atlantic meridional overturning circulation (AMOC)
shutdown experiment is also indicated (blue dashed line). All temperature curves have been
corrected for the e�ect of elevation. (b) Same as panel (a), but showing the di�erence from a
symmetrised temperature distribution for each dataset. Equal intervals on the latitude axis
correspond to equal areas on the globe.
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