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Abstract Widely distributed proxy records indicate that

the Medieval Climate Anomaly (MCA; *900–1350 AD)

was characterized by coherent shifts in large-scale North-

ern Hemisphere atmospheric circulation patterns. Although

cooler sea surface temperatures in the central and eastern

equatorial Pacific can explain some aspects of medieval

circulation changes, they are not sufficient to account for

other notable features, including widespread aridity

through the Eurasian sub-tropics, stronger winter westerlies

across the North Atlantic and Western Europe, and shifts in

monsoon rainfall patterns across Africa and South Asia.

We present results from a full-physics coupled climate

model showing that a slight warming of the tropical Indian

and western Pacific Oceans relative to the other tropical

ocean basins can induce a broad range of the medieval

circulation and climate changes indicated by proxy data,

including many of those not explained by a cooler tropical

Pacific alone. Important aspects of the results resemble

those from previous simulations examining the climatic

response to the rapid Indian Ocean warming during the late

twentieth century, and to results from climate warming

simulations—especially in indicating an expansion of the

Northern Hemisphere Hadley circulation. Notably, the

pattern of tropical Indo-Pacific sea surface temperature

(SST) change responsible for producing the proxy-model

similarity in our results agrees well with MCA-LIA SST

differences obtained in a recent proxy-based climate field

reconstruction. Though much remains unclear, our results

indicate that the MCA was characterized by an enhanced

zonal Indo-Pacific SST gradient with resulting changes in

Northern Hemisphere tropical and extra-tropical circula-

tion patterns and hydroclimate regimes, linkages that may

explain the coherent regional climate shifts indicated by

proxy records from across the planet. The findings provide

new perspectives on the nature and possible causes of the

MCA—a remarkable, yet incompletely understood episode

of Late Holocene climatic change.

Keywords Medieval Climate Anomaly � Little Ice Age �
Tropical SSTs � Global climate dynamics

1 Introduction

It has long been observed from proxy data that global

climate during the past 1200 years can be divided into two

periods, the ‘‘Medieval Climate Anomaly’’ (MCA, about

900–1350 AD) and the subsequent ‘‘Little Ice Age’’ (LIA;

about 1500–1850) (e.g. Lamb 1965; Grove 1988). An early

regional synthesis of MCA climate was provided by
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H. H. Lamb, who used documentary records to outline the

case for general warmth in the North Atlantic-European

sector and increased cool season precipitation across

Britain during medieval time (Lamb 1965). Lamb, a

meteorologist, recognized that the available evidence

implied a ‘‘…shift in the upper westerlies, the depression

tracks should have had an average position 1–38 north of

the modern normal (1900–1939) position—a displacement

that probably implies less sea ice …’’—(Lamb 1965; also

Lamb 1969), thus emphasizing the relationship between

changes in circulation and surface climate, and the idea of

modest (comparable with modern interannual variability)

but persistent shifts in winter circulation over the North

Atlantic and Europe during the MCA.

LaMarche (1974) used multi-elevation tree-ring and

other data to infer late Holocene climate changes in the

White Mountains of California. His analyses indicated that

conditions were predominantly warmer and drier from

*1000–1300 AD and cooler, wetter from *1400–1800

AD, and showed that such changes could be explained by a

northward-to-southward shift of the storm track over the

region. LaMarche pointed out that the MCA-LIA changes

over the western US were synchronous with those inferred

by Lamb (1965) for the North Atlantic and Western Eur-

ope, possibly indicating a shift in global circulation pat-

terns, much as surmised by Lamb (1969).

Succeeding decades have seen the development of much

further evidence concerning MCA-LIA climate from the

Atlantic-European and North America sectors, and at

widely distributed sites around the world. While many of

these records show indications of notable climate shifts

associated with the MCA, it became apparent that this

period was characterized not by uniformly warmer tem-

peratures, but rather by a range of temperature, hydrocli-

mate and marine changes with distinct regional and

seasonal expressions (Folland et al. 1992; Hughes and Diaz

1994; Bradley 2000; Bradley et al. 2003). The general idea

of a tendency for stronger cool-season North Atlantic

westerlies during the MCA, as occurs with a more positive

North Atlantic Oscillation (NAO), has persisted and been

discussed as a possible driver to explain changes in diverse

regional proxy records (e.g., Keigwin 1996; Proctor et al.

2000; Mangini et al. 2005; Lund et al. 2006; Esper et al.

2007; Sicre et al. 2008a; Massé et al. 2008; Wanamaker

et al. 2008; Trouet et al. 2009). Similarly, evidence for

cool-season aridity and related climate changes in the

western US during medieval times is now available from a

wide range of proxy and archeological records (e.g., Muhs

1985; Mehringer and Wigand 1990; Swetnam 1993; Stine

1994; Hughes and Funkhouser 1998; Kennett and Kennett

2000; Cook et al. 2004; Jones and Schwaitalla 2008; see

Woodhouse 2004; Graham et al. 2007 for reviews), indi-

cating a northward shift in the boreal winter storm track

across the eastern North Pacific and western North America

and a contraction and/or westward shift in the Aleutian

Low (Stine 1994; MacDonald and Case 2005; Graham

et al. 2007; Seager et al. 2007a, 2008).

The idea of coherent large-scale changes in circulation

over the North Pacific received additional attention with

the development of evidence from fossil coral records, as

well as marine and lacustrine sediments which consistently

point to cooler sea surface temperatures (SSTs) and sig-

nificantly drier conditions in the central and eastern equa-

torial Pacific during the MCA (Cobb et al. 2003; Rein et al.

2004; Conroy et al. 2008b). Given the well established

associations between winter North Pacific circulation pat-

terns, cool season precipitation over the western US, and

interannual-to-interdecadal SST variability in the tropical

Pacific (Bjerknes 1969; Lau 1985; Schonher and Nicholson

1989; Mantua et al. 1997; Rajagopalan et al. 2000), the

proxy evidence is consistent with the idea that MCA aridity

in the American West (and contraction of the Aleutian

Low) was a response, at least in part, to cooler central and

eastern tropical Pacific SSTs. This idea has been explored

by consideration of available proxy data and model results

(Graham et al. 2007; Seager et al. 2007a, 2008). One

important result from some of these latter studies has been

the suggestion that while many of these MCA-LIA climate

anomalies can be explained by changes in tropical Pacific

SSTs alone, others suggest an important role for SST

changes elsewhere.

Proxy evidence relating to MCA-LIA climate changes

from other regions around the planet has become more

plentiful over recent decades as well. While these records

are diverse with respect to interpretation, calibration, sen-

sitivity and resolution, it is now possible to use the more

complete proxy network presently in place to attempt

qualitative interpretations of linked climate/circulation

changes at larger spatial (hemispheric) scales. Some of

these more recently available records show distinctive

MCA-LIA changes in North Atlantic SSTs and sea ice

(Sicre et al. 2008a; Massé et al. 2008), Meso-American/

Caribbean/Gulf of Mexico climate and oceanic conditions

(Haug et al. 2003; Lund et al. 2006; Richey et al. 2007),

tropical African rainfall (Verschuren 2004; Verschuren

et al. 2000; Russel et al. 2007; Shanahan et al. 2009), and

the Indian and East Asian monsoons (von Rad et al. 1999;

Sinha et al. 2007; Zhang et al. 2008).

A principal hypothesis supported by our results, and

suggested by a recent reconstruction of MCA-LIA tempera-

ture contrasts (Mann et al. 2009), is that MCA-LIA climate

change involved opposing changes in Indo-Pacific warm

pool and central/eastern tropical Pacific SSTs (i.e., changes

in the tropical Indo-Pacific zonal SST gradient), with the

resulting circulation changes driving a variety of surface

climate shifts around the planet. We explore this idea using
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a synthesis of globally distributed proxy records and results

from new coupled model experiments examining the

response to a warmer Indian-West Pacific Ocean. The model

results are also discussed in the context of previous experi-

ments bearing on the role of tropical SSTs in driving recent

and past climate change (e.g., Rodwell et al. 1999; Brans-

tator 2000; Hoerling et al. 2001; Bader and Latif 2003;

Giannini et al. 2003; Hurrell et al. 2004; Hoerling et al. 2004;

Deser and Phillips 2006; Graham et al. 2007; Seager et al.

2008), and others examining the climate response to changes

in irradiance and high latitude temperatures (e.g., Clement

et al. 1996; Shindell et al. 2001; Meehl et al. 2003; Sun et al.

2004; Mann et al. 2005; Pierce et al. 2006; Ammann et al.

2007; Timmermann et al. 2007a, b, Lu et al. 2007).

In the presentation that follows, Sect. 2 describes the

data, methods and models. Section 3 presents a new cir-

culation and hydroclimatic summary of indications for

MCA climate based on proxy records and regional recon-

structions, and the results from the coupled model experi-

ments and those from similar experiments. Section 4

provides a discussion synthesizing the proxy data and

coupled model results and possible forcing mechanisms for

the tropical SST changes inferred for the MCA. Section 5

provides a brief summary.

2 Methods and data

2.1 Coupled model experiments

2.1.1 Tropical warming simulations

Coupled global climate model (CGCM) simulations (col-

lectively the ‘‘IOWP simulations’’) were performed with

various configurations of warming prescribed over tropical

Indian and western Pacific oceans (IOWP) SSTs. The

experimental design was motivated by proxy evidence for

medieval climate changes not well explained by a cooler

tropical Pacific alone (as discussed above) and model

simulations showing that warmer Indian Ocean SSTs pro-

duce important features of inferred MCA climate changes

(e.g., Bader and Latif 2003; Hurrell et al. 2004; Hoerling

et al. 2004). We used the National Center for Atmospheric

Sciences (NCAR) Community Climate System Model

(CCSM, v. 3.0.1 beta 14; Collins et al. 2006; Kiehl et al.

2006) with the atmospheric model configured at triangular-

31 spectral truncation (about 3.75� resolution) and 26

vertical levels, and the ocean model with 40 vertical levels,

zonal resolution of 1.8�, and meridional resolution varying

from 1.8� at higher latitudes to 0.8� in the tropics (Gent

et al. 2006). The sea ice model includes both dynamical

and thermodynamical treatment (DeWeaver and Bitz 2006;

Holland et al. 2006a), and the land surface is simulated

with improved hydrology (Bonan and Levis 2006; Dick-

inson et al. 2006). The different component models com-

municate through a flux coupler (Collins et al. 2006). This

version of CCSM has a generally realistic climatology,

though El Niño-Southern Oscillation (ENSO) variability is

highly periodic with a 2-year period, the Pacific equatorial

cold tongue penetrates too far to the west, and a double

ITCZ is present in the tropical Pacific (Hurrell et al. 2006;

Neale et al. 2008; a problem shared by many coupled

models, Guilyardi et al. 2009; Bellucci et al. 2010). The

model qualitatively reproduces cool-season ENSO tele-

connections over the North Pacific and North America, but

the response pattern over the eastern North Pacific and

western US is displaced well to the north of the observed

position, and shows an unrealistic feature over the south-

western US and northern Mexico (see Sect. 3.2).

In our experiments, IOWP temperatures were warmed by

prescribing increased surface shortwave flux into the ocean.

The results described in the text come from a simulation

using 25 W m-2 additional shortwave flux from 15�S–

25�N latitude and 40–160�E (the ‘‘IOWP25’’ simulation).

Two other simulations used 10 and 15 W m-2 of additional

flux over the same region (‘‘IOWP10’’ and ‘‘IOWP15’’,

respectively), and another simulation (‘‘IO10’’) used with

10 W m-2 forcing over the restricted to west of 100�E. The

regions where additional irradiance was prescribed are

shown in Fig. 1 and details of the experiments are given in

Table 1. Regional and global temperatures rise in the IOWP

warming experiments in response to the additional surface

flux—Table 2 gives these changes in SST (global and

tropical Indian Ocean) and near-surface air temperature

(global and global land-only). Note that the regionally

prescribed increase in irradiance is used only to induce

warming in the tropical Indian-Western Pacific Oceans and

is not proposed as a mechanism for any actual changes.

ENSO behavior changed very little in the tropical

warming experiments, tending towards a slightly less peri-

odic and higher amplitude cycle (not shown). The simula-

tion results do not show clear tendencies in the Atlantic

Meridional Overturning Circulation (AMOC; not shown)

with Indian Ocean warming and resulting strengthened

NAO (see Sect. 3.2.1), behavior that contrasts with model

results reported by Delworth and Greatbatch (2000) and

Bader (2005). The former found that NAO-related surface

fluxes over the North Atlantic resulted in an enhanced

AMOC with a stronger NAO. The latter, using a different

model, also found the AMOC closely tracked low frequency

changes in the NAO (and Indian Ocean temperatures, which

drove the simulated NAO variability), but in this case the

AMOC changes resulted from changes in tropical ocean

salinity rather than higher latitude surface fluxes.

All simulations used the same initial conditions and

branched from an existing pre-industrial control simulation
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(‘‘CNTL’’); each was run out for 48-years. Beyond the

prescribed added surface shortwave flux, no other changes

in irradiance (e.g., from solar, volcanic or greenhouse

gases) were used. Simulated Indian Ocean and western

Pacific SSTs appear approximately equilibrated after about

7 years, so most results are expressed as comparisons

between years 8 and 48 for the tropical warming simulation

results (41 years), and years 1–50 for the CNTL results,

counting from the branch point of the former. Comparisons

are in the form of differences for temperature (2-m air

temperature over land, surface temperature over water) and

sea level pressure (SLP) and ratios for precipitation; tem-

perature differences from the CNTL simulation are addi-

tionally adjusted for the changes in global average

temperature (2-m or surface) resulting from the additional

flux climate system. Significance levels are assessed using

a t test value of 2.0, approximately the 95% confidence

level for comparing samples of 41 and 50 [df = 89

(n1 ? n2 - 2), Sokal and Rohlf 1969]. The tropical

warming simulations produce qualitatively similar results

and differences with the CNTL climatology tend to scale

with the irradiance forcing (and resulting SST anomalies)

with some further dependence on the forcing region

(see Sect. 3.2)

2.1.2 1150-year late Holocene simulation

We also use results from an 1150-year simulation (Am-

mann et al. 2007) performed with NCAR CCSM version

1.4 (Boville and Gent 1998) using the same ocean and

atmosphere resolution as the tropical warming experiments

described above. The model was forced with estimated

changes in solar irradiance, greenhouse gas concentrations,

and volcanic aerosols from 850 to 1999 AD (see Ammann

et al. 2007 for further details), whereas no orbital changes

in irradiance were used. This version of CCSM has short-

comings with respect to ENSO variability (Meehl and

Arblaster 1998) and eastern Pacific/North American tele-

connections like those described earlier for CCSM version

Fig. 1 Regions where additional surface irradiance (over the ocean only) was used to increase SSTs in the tropical warming experiments. Full

region was used for the IOWP25, IOWP15 and IOWP10 experiments; shaded area was used for the IO10 experiment

Table 1 Prescribed (over oceans only) irradiance for tropical

warming experiments

Simulation Region with added shortwave

forcing

Additional irradiance

(W m-2)

IO10 25�N–15�S; 40�E–100�E 10

IOWP10 25�N–15�S; 40�E–160�E 10

IOWP15 25�N–15�S; 40�E–160�E 15

IOWP25 25�N–15�S; 40�E–160�E 25

Table 2 Average SST differences (simulation less CNTL; �C)—

global (‘‘SST-GLB’’), Indian Ocean average (‘‘SST-IND’’; region

from the African coast to 100�E and 10�S to 10�N), and average near-

surface air temperature over land (‘‘TA-LAND’’), and entire globe

(‘‘TA-GLB’’)

Simulation SST-GLB (SST-IND) TA-GLB (TA-LAND)

DJFM JJAS DJFM JJAS

IO10 0.07 (0.32) 0.07 (0.24) 0.10 (0.15) 0.07 (0.06)

IOWP10 0.15 (0.30) 0.17 (0.36) 0.21 (0.27) 0.21 (0.25)

IOWP15 0.27 (0.52) 0. 28 (0.50) 0.38 (0.53) 0.34 (0.42)

IOWP25 0.45 (0.85) 0.44 (0.89) 0.56 (0.71) 0.55 (0.66)
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3.0.1. The results show good agreement with Northern

Hemisphere (NH) temperature reconstructions over the

past millennium (Ammann et al. 2007; Jansen et al. 2007),

though MCA-LIA changes in large-scale extratropical NH

atmospheric circulation, and in differences between warm

pool and eastern tropical Pacific SSTs, do not agree with

those inferred from proxy records (not shown; see Mann

et al. 2009 for further discussion). This simulation had

noticeable drift (cooling) through the first few centuries

that was removed (using splines for the results shown in

Ammann et al. 2007). The results shown in this paper are

for North Atlantic ‘‘sea ice coverage’’ for the North

Atlantic Ocean over the region 50–25�W and 45–55�N (see

Fig. 5C) and come from the original (non-drift corrected)

model results, but focus on the latter half of the simulation.

Ice cover was estimated from 10-m air temperature

assuming sea ice cover if the air temperature \272�K).

2.2 Proxy records

Details and references for many of the proxy records uti-

lized in our study are given in Table 3, and several others

are introduced in the text. Figure 2 shows the location and

sense of MCA climate change of many of the records. We

have emphasized the use of records that are understood

qualitatively (or quantitatively) as climatic indicators, have

temporal resolution and age model uncertainty less than

about 50 years, share patterns of low frequency variability

recognizable from observations or model results, and pro-

vide insight into dynamics, and large-scale circulation and

hydroclimatic patterns. Few, if any, large collections of

proxies portray internally consistent scenarios for large-

scale MCA climate that differ significantly from those

suggested in Sect. 3.1, though there are certainly differ-

ences at regional scales where interpretations are depen-

dent on relatively few records. Of the records we have not

used, some are open to alternative interpretation (and a few

are discussed in the text), or do not bear strongly on the

questions at hand by virtue of resolution, dating uncer-

tainty, seasonality, location, or type. Inevitably, some

proxy records have not been considered because they were

unknown to us or unavailable.

3 Results

3.1 Indications for MCA-LIA climate patterns

from proxy records

To provide context for later discussions, this section pre-

sents an overview of some large-scale hydroclimate and

circulation changes suggested by proxy records over the

past *1500 years. As most elements of the climatic

patterns described have been discussed previously by oth-

ers (e.g., Lamb 1965; Shindell et al. 2001; Cook et al.

2004; Verschuren et al. 2000, Verschuren 2004; Graham

et al. 2007; Seager et al. 2007a, b; Sinha et al. 2007; Trouet

et al. 2009; Zhang et al. 2008; Yang et al. 2009), the goal of

this section is to portray these elements together in order to

highlight and relate regionally coherent climate changes

supported by proxy records. The locations of many of the

proxy data described are shown in Fig. 2 with time series

shown in Figs. 3, 4, 5 and Table 3 providing additional

details.

Two of the most fundamental circulation elements that

have been proposed for extra-tropical NH winter during the

MCA include (i) higher sea level pressure (SLP) in the

eastern North Pacific (a contracted Aleutian Low), and (ii)

enhanced westerlies across the North Atlantic with a more

positive NAO-like circulation pattern (Fig. 2). Evidence

for more anticyclonic circulation over the eastern North

Pacific is supported by plentiful proxy data indicating

reduced MCA precipitation in the western US. This evi-

dence has been reviewed previously (e.g., Woodhouse

2004) and is discussed only briefly in this section. The idea

for a stronger NAO-like circulation pattern during the

MCA is suggested by terrestrial proxy records from Europe

and northwest Africa and marine proxy records from the

North Atlantic. For the terrestrial proxies, this idea rests

largely on indications for increased precipitation in Britain

and drier conditions in northern Morocco (Fig. 3 D, E, H;

Lamb 1965; Proctor et al. 2000; Charman et al. 2006; Esper

et al. 2007), and for warmer MCA winter temperatures (or

fewer harsh winters) in central and northwest Europe

(Fig. 3G; Lamb 1965; Pfister et al. 1998; Mangini et al.

2005), all changes consistent with low frequency winter

NAO-related variability in the instrumental record (e.g.,

Hurrell 1995; see discussion in Trouet et al. 2009).

Marine records from the North Atlantic provide some

additional support for the idea of a more positive NAO-like

circulation pattern during the MCA. Among these are SST

reconstructions from near Bermuda (Keigwin 1996;

Fig. 3A) and the Gulf of Maine (Wanamaker et al. 2008)

indicating MCA SSTs were 1–1.5�C warmer than during

the LIA. As noted by Keigwin (1996) and others, warming

in this region is consistent with modern NAO-SST rela-

tionships (see also Visbeck et al. 2003). From higher lati-

tudes of the North Atlantic, a recent high-resolution

reconstruction from the North Iceland shelf (Sicre et al.

2008a) shows a distinctive period of persistently warmer

summer SSTs during the MCA bounded by rapid SST

changes (*1�C in 1–2 decades; Fig. 3B; see also Fig. 5D

and related discussion). A lower resolution reconstruction

developed from a nearby core (Jiang et al. 2005) indicates a

similar magnitude of cooling during the transition from the

MCA into the LIA. As discussed by Sicre et al. (2008a), the
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Table 3 Additional information for proxy records; numbers in first column refer to locations in Fig. 2; letters in parentheses refer to time series

in Fig. 3

Indices and location Climate indicator Type References

1(A). Bermuda/Sargasso Sea Annual SST Marine sediment core,

foraminifera d18O

Keigwin (1996)

2. Gulf of Maine, northeast USA Annual SST Bivalve d18O Wanamaker et al. (2008)

3(B). North Iceland Summer SST Marine core, algae alkenone Sicre et al. (2008a)

4(C). North Iceland Winter sea ice Marine core, sea ice biomarker Massé et al. (2008)

5. Southwest Greenland Winter sea ice Marine core, diatom index Jensen et al. (2004)

6(D). Scotland Cool season

precipitation

Speleothem varve width Proctor et al. (2000); also, Charman et al.

(2006)

7(E). England-Wales Sept.–June

precipitation

Documentary Lamb (1965)

8. Western Europe Winter temperature Documentary Pfister et al. (1998)

9(F). Alps regional average Winter temperature Historical, instrumental Luterbacher et al. (2004)

10(G). Austrian Alps (Spannagel) Winter temperature Speleothem d18O Mangini et al. (2005); data in Fig. 2 as

calibrated in Trouet et al. (2009)

11. Swiss Alps Summer temperature Tree-rings width Büntgen et al. (2006)

12(H). Morocco Winter precipitation Tree-ring width Esper et al. (2007)

13(I). Kenya, Uganda Lake level,

precipitation

Lake sediment cores, various Verschuren et al. (2000, 2004), Russel et al.

(2007)

14(J). Main Nile—Cairo, Egypt Nile flood level—

Ethiopian Highlands

(summer

precipitation)

Historical-documentary

(measured)

Hassan (1981); also Kondrashov et al. (2005),

Hassan (2007); data in Fig. 2 from D.

Kondrashov)

15. Ghana Lake level, summer

precipitation

Lake sediment core, various Shanahan et al. (2009)

16(L). Southern Oman Summer precipitation Speleothem d18O Fleitmann et al. (2003)

17(K). Northern Oman Winter precipitation Speleothem d18O D. Fleitmann, unpublished record from

northern Oman

18(M). Guliya Ice Cap,

northwestern Tibetan Plateau

Winter precipitation Ice core, snow accumulation rate, Thompson et al. (1995), Yang et al. (2009);

see also Wang et al. (2007), data shown in

Fig. 2 contributed by L. Thompson

19. Coastal Oman Summer upwelling Marine core, foraminifera

abundance

Anderson et al. (2002)

20. Coastal Pakistan Summer precipitation Marine sediment core von Rad et al. (1999); also Agnihotri et al.

(2002), Agnihotri and Dutta (2003)

21. Eastern Indian Peninsula Summer precipitation Speleothem d18O Sinha et al. (2007)

22. Coastal southern China Summer precipitation Speleothem d18O Wang et al. (2005)

23. Central China Summer precipitation Speleothem d18O, documentary Zhang et al. (2008); also Tan et al. (2008)

24. Southeastern China Summer precipitation Documentary Zheng et al. (2006)

25(N). Indonesia—Makassar Strait Western tropical

Pacific SST

Marine sediment core,

foraminifera d
018O

Newton et al. (2006); also Oppo et al. (2009)

26(O). Palmyra SST (central

equatorial Pacific)

Coral d
018O Cobb et al. (2003)

27(P). Galapagos Islands, eastern

equatorial Pacific

SST (eastern

equatorial Pacific)

Lake sediment core, diatom index. Conroy et al. (2008b)

28(Q). Coastal Peru High river flow,

N. Peru

Marine core riverine sediment Rein et al. (2004)

(R) Central Chile High inflow, flooding Lake core, flood deposits Jenny et al. (2002)

29. Panama Wet season (June–

September)

precipitation

Speleothem d
018O Lachniet et al. (2004)

30. Yucatan May–October

precipitation-

evaporation

Lake core, various indices Hoddell et al. (1995)
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MCA warming on the North Iceland Shelf appears to have

resulted from enhanced poleward transport of the warmer

waters from the North Atlantic Drift in the North Iceland

Irminger Current, possibly due to increased southwesterly

winds or to changes in transport associated with the

AMOC.

Following the termination of the MCA warming episode

seen in the North Iceland SST records, indications of in situ

(presumably winter) sea ice appear at the site, becoming

more prevalent through the LIA (Massé et al. 2008;

Fig. 3C). These indications are consistent with regional

documentary records (Ogilvie 1992; Ogilvie and Jónsson

2001; see discussion in Massé et al. 2008), marine proxy

evidence for reduced sea ice and increased Irminger Cur-

rent influence along the coast of southwest Greenland

during the MCA (Jensen et al. 2004), and medieval ice cap

retreat in the Canadian Arctic (Anderson et al. 2008; see

further discussion related to Figs. 5 and 7).

Moving from Europe into Africa and central Asia, a

number of other proxy records show temporally coherent

features of hydroclimatic change through the past

*1200 years. For summer, documentary measurements of

Nile maximum flood level from Cairo (Fig. 3J) indicate

maximum annual flood levels tended to be lower during the

MCA than during the LIA (Hassan 1981; Kondrashov et al.

2005; Hassan 2007). As described in Appendix 1, con-

verting the maximum flood level record to flood season

discharge at Aswan, and applying corrections for channel

aggradation, indicates flood season Nile discharge was

reduced by about 10% during the MCA. Because more than

90% of Nile flood discharge is comprised of runoff from

the Ethiopian Highlands (Sutcliffe and Park 1999), a

reduction most likely indicates reduced MCA rainfall in the

Highlands, likely reflecting restricted northward migration

of the ITCZ during the MCA. This idea is consistent with

lacustrine proxy records from Lake Turkana (northwest

Fig. 2 Indications from some

climate proxy records of how

MCA climate differed from that

in post-medieval times. Letter
indices correspond to time

series in Fig. 3; numbers

correspond to entries in Table 3

Table 3 continued

Indices and location Climate indicator Type References

31(S). Western USA Cool half-year

precipitation, warm

season soil moisture

Tree-ring width Cook et al. (2004), also Mehringer and

Wigand (1990); Stine (1994), Hughes and

Funkhouser (1998); see Woodhouse (2004),

Cook et al. (2004), and Graham et al. (2007)

for reviews

32. Coastal Venezuela Warm season

precipitation

Marine core riverine sediment Haug et al. (2001, 2003)

33. North Atlantic Winter NAO, strength

of mid-latitude

westerlies into

western Europe.

Various Lamb (1965), Trouet et al. (2009); also

Keigwin (1996), Sicre et al. (2008a), Pfister

et al. (1998), Mangini et al. (2005)

34. North Pacific Winter Aleutian Low Various MacDonald and Case (2005), Graham et al.

(2007), Seager et al. (2007, 2008)
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Kenya; Halfman et al. 1994; Verschuren 2004) and from

southern Oman (Fleitmann et al. 2003; Fig 3L). At the

same time, to the south, Rift Valley lake level recon-

structions from central east Africa indicate important

reductions in rainfall during the MCA (Verschuren et al.

2000; Verschuren 2004; Fig. 3I; Russel et al. 2007).

Because late year rainfall variability in this region (one of

the two wet seasons) is positively associated with eastern

tropical Pacific SSTs (Ogallo 1987; Nicholson and Kim

1997), these indications have been noted as consistent with

cooler central and eastern tropical Pacific SSTs during the

MCA (Cobb et al. 2003; Graham et al. 2007; Seager et al.

2007a). Clear proxy evidence of lower lake level and

reduced precipitation during the MCA are also apparent in

lacustrine records from Guinea Coast region of tropical

West Africa (Ghana; Shanahan et al. 2009; see Fig. 5I and

related discussion). Taken with the records from East

Africa discussed above, the proxy information suggests

reduced rainfall across much of near-equatorial Africa

during the MCA.

Other proxy records from the Arabian Peninsula and

from central Asia indicate reduced cool-season precipita-

tion extending far eastward from the Mediterranean during

the MCA. These include those from the mountains of

northern Oman (D. Fleitmann, unpublished record;

Fig. 3K) and from a regional reconstruction in central Asia

north of the Himalaya (Yang et al. 2009), as suggested by

the Guliya ice cap accumulation record (Thompson et al.

1995; Wang et al. 2007; Fig. 3M).

Proceeding through southern Asia, proxy records of

monsoon precipitation for coastal Pakistan (von Rad et al.

1999; Agnihotri et al. 2002; Agnihotri and Dutta 2003),

western India (see discussion in Sinha et al. 2007), and the

southern coast of China (Wang et al. 2005) show a tran-

sition towards a pattern in which the driest periods during

the last millennium occur early in the LIA—between about

1300 and the late 1500s AD (Fig. 4; see Sinha et al. 2007)

This pattern indicating early LIA aridity across much of

monsoon Asia is also noted by Buckley et al. (2010; not

shown), who present tree-ring evidence for episodes of

severe fourteenth to fifteenth century drought in southern

Southeast Asia that contributed to the decline of the Khmer

Fig. 3 Some representative late Holocene proxy records. A Sargasso

Sea annual average SST (marine core). B North Iceland summer SST

(25-year moving window; marine core). C North Iceland winter sea

ice (marine core). D Scotland cool-season precipitation (speleothem;

51-year moving average). E England-Wales Sept.–June precipitation

(documentary, 50-year averages). F Alps region winter temperature

(documentary-historical; 25-year moving average). G Alps region

winter temperature (speleothem; 25-year moving window; compare

with F). H Morocco drought index (tree-rings; 25-year moving

window). I Lake Naivasha (Kenya) level (lake core). J Nile

maximum flood level, Cairo (historical; 25-year moving average).

K northern Oman winter precipitation (speleothem, 25-year moving

window). L southern Oman summer precipitation (speleothem, 25-

year moving window). M Guliya Ice Cap (northwest Tibetan Plateau)

winter precipitation (ice core, 25-year moving average). N Tropical

Indo-Pacific SST (marine core, 25-year moving window). O Central

equatorial Pacific SST (fossil coral). P Galapagos Islands SST

anomaly (lake core). Q Peru river discharge (marine core, 25-year

moving window). R central Chile winter floods (lake core). S Western

North America drought area (25-year moving average). See Table 3

additional information

b
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kingdom. Proxy records from central China also show clear

evidence for aridity during the LIA, though the timing is

shifted roughly a century later than noted above

(Figs. 4F,G; Zhang et al. 2008; Tan et al. 2008). Interest-

ingly, documentary records from southeastern China

(Zheng et al. 2006) indicate inverse precipitation variabi-

lity compared to central China (MCA tending to be drier

than the LIA in southeastern China; compare Fig. 4E,F

with H). Such a pattern of opposing variability in monsoon

rainfall over southern and northern China is well docu-

mented and characterizes observed and simulated precipi-

tation trends over the latter half of the twentieth century,

changes apparently related to shifts in tropical Pacific and

Indian Ocean temperatures (see discussions in Li et al.

2008; Zhou et al. 2009).

As noted earlier, the evidence for reduced MCA cool-

season precipitation in the western US is widespread and

has been extensively reviewed (e.g., Woodhouse and

Overpeck 1998; Woodhouse 2004; Cook et al. 2004;

Graham et al. 2007). The general timing of MCA-LIA

changes over the West (represented in Fig. 3S by the tree-

ring derived drought-area index of Cook et al. 2004) is

quite similar to those in Europe, the North Atlantic and the

tropical Pacific [e.g., compare Fig. 3S with B, G, H (the

shift in the Morocco record is notably later than the others)

and P; see also Graham et al. 2007, Seager et al. 2007a],

with the most widespread aridity in western US occurring

between 900 and 1350 AD. Such a decrease in precipita-

tion over the western US implies a northward shift in the

storm track over the region and over the eastern North

Pacific during the MCA, with a weaker (or contracted)

Aleutian Low and a stronger Northeast Pacific High off the

west coast of the US, as indicated by some reconstructions

(MacDonald and Case 2005; Graham et al. 2007). A nearly

synchronous pattern of MCA aridity transitioning to wetter

conditions during the LIA is portrayed by lake sediment

records from central Chile (Jenny et al. 2002; Fig. 3R).

This inter-hemispheric symmetry of multi-centennial

hydroclimatic signals, much as seen in association with

modern ENSO variability (Ropelewski and Halpert 1987),

is suggestive of a role for tropical Pacific SSTs in driving

the similar MCA-LIA hydroclimate differences in these

two regions, and for the more general idea that tropical

(rather than extratropical) SSTs played a direct causal role

in producing extratropical MCA-LIA circulation changes

(see Kushnir et al. 2002; Graham et al. 2007).

In Meso-America, archeological evidence and proxy

records from Yucatan indicate increasing aridity through

much of the first millennium AD culminating with a series

of droughts between 700 and 950 AD that apparently

contributed to the collapse of Classic Mayan culture

(Hoddell et al. 1995; Gill 2000; Fig. 5J). As shown by

Haug et al. (2003), individual episodes of pre-MCA

drought correlate with periods of reduced river runoff from

northern Venezuela suggesting they may have resulted

from southward displacements of the ITCZ across the

western Caribbean. It is noteworthy that the epoch of

severe droughts in Yucatan ended in the late tenth century,

contemporaneous with the onset of medieval climate con-

ditions in a number of other records (notably the North

Iceland summer SST proxy, see Fig. 5 and related dis-

cussion; also Haug et al. 2003), though arid conditions

apparently continued in Panama through much of the MCA

(Lachniet et al. 2004; until the end of that record in

1310 AD), while the MCA was relatively wet in northern

Venezuela (Haug et al. 2001, 2003).

A number of proxy records from the tropical Pacific

suggest that the MCA was characterized by an increased

zonal temperature gradient with cooler SSTs in the eastern

Pacific and warmer SSTs in the extreme western ocean. For

Fig. 4 Proxy time series for the South Asian and East Asian

Monsoons. A Southern Oman precipitation (Fleitmann et al. 2003;

also Fig. 3L). B Coastal Pakistan precipitation (von Rad et al. 1999).

C Coastal Pakistan precipitation (after Agnihotri and Dutta 2003).

D Central east India precipitation (after Sinha et al. 2007). E Coastal

southern China precipitation (Wang et al. 2005). F Central China

precipitation (Zhang et al. 2008). G Central China drought-flood index

(Tan et al. 2008). H Southeastern China precipitation (after Zheng

et al. 2006). Vertical lines mark early LIA arid period seen in proxy

records from coastal Pakistan through southern China (earlier of these

lines also marks the rapid MCA-to-LIA cooling in North Iceland SST

record (Sicre et al. 2008a; Fig. 3B). All records are Z-scores with offset

for display, ordinate gridlines are separated by 3r
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the post-1100 AD period, reconstructed SSTs from the

central and eastern equatorial Pacific indicate MCA SSTs

averaged *0.7–0.8�C cooler than the modern pre-1970

average (Cobb et al. 2003; Conroy et al. 2008b; Fig. 3O, P;

Fig. 5G). A marine sediment core from off central Peru

(Rein et al. 2004; Fig. 3Q) shows reduced concentrations

of riverine sediment during the MCA (suggesting lower

precipitation or reduced flood episodes in north coastal

Peru) followed by a sharp increase in *1250 AD, con-

temporaneous with increasing reconstructed SSTs in the

Galapagos record, and with the timing of the termination of

the most arid conditions in the western US and central

Chile (compare, Fig. 3O–S).

Sea surface temperature reconstructions from the far

western tropical Pacific in Indonesian waters show SST

tendencies strikingly opposite to those from those in the

central and eastern ocean (Fig. 3N; Newton et al. 2006;

also Oppo et al. 2009). These records indicate that SSTs

were *1�C warmer during the MCA than during the LIA

(and *0.5�C warmer than the average value during the

preceding 500 years), and about the same as modern val-

ues. These records also indicate that sea water salinity has

tended to vary in phase with SST over the last millennium,

so ocean surface conditions during the MCA were warmer

and more saline relative to the LIA. It is plausible that these

changes are indicative of a more northerly (southerly)

position of ITCZ over the western tropical Pacific during

the MCA (LIA) (Newton et al. 2006), and a relatively

weaker (stronger) winter monsoon during the MCA (LIA)

(Oppo et al. 2009; see also Timmermann et al. 2007a, b).

Fig. 5 Contemporaneous high and low latitude changes during the

MCA. A Southwest Greenland–East Greenland Current/sea ice

diatom marker (light blue; Jensen et al. 2004). B North Iceland

winter sea ice from proxy bio-marker (dark blue; Massé et al. 2008).

C North Atlantic sea ice extent (310–335�W, 45–60�N) inferred from

near-surface temperature in the 1150-year late Holocene simulation

(red with circles). D North Iceland summer SST anomaly (black;

Sicre et al. 2008a). E Central China monsoon precipitation (green;

Zhang et al. 2008). F Western equatorial Pacific/Indonesian SST

anomaly (red; Oppo et al. 2009; also Newton et al. 2006). G Eastern

equatorial Pacific SST anomaly (orange; Conroy et al. 2008b).

H Sierra Nevada (California) Sequoia grove fire scar frequency (blue
with circles; Swetnam 1993). I Ghana lake silicate concentration

index (green with circles; Shanahan et al. 2009). J Yucatan lake

precipitation–evaporation (CaC; Hoddell et al. 1995). All records are

Z-scores with offset for display, ordinate grid lines are separated by

3r. Records B, C, D, E, and I smoothed over 25-year moving

windows; record H smoothed with a 51-year running mean; other

records show original data
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Whatever the mechanisms governing the MCA-LIA

changes in Indonesian SST and salinity, the similarity

between these records and others is striking (see Figs. 3, 5)

in indicating a shift towards MCA conditions in late tenth

century and towards LIA-like conditions between 1250 and

1350 (see further discussion in Sect. 4).

It is important to point out that some regional proxy

records appear to be at odds with the idea of cool SSTs in

the central-eastern tropical Pacific during medieval time

(Graham et al. 2007; Conroy et al. 2008b). These include

the records from Laguna Pallcacocha in the equatorial

Andes (Moy et al. 2002; high inflow events recorded in

sediment), and from Quelccaya Ice Cap in southern Peru

(d18O; Thompson et al. 1984). The Pallcacocha record

indicates more high precipitation/high inflow events

(interpreted as more El Niño episodes) during the MCA

than during the LIA (Moy et al. 2002; see also Conroy et al.

2008a, b). This interpretation may be correct, but if so, it

complicates the interpretation of the proxy precipitation

records from the western US and Chile, both regions where

heavier rainfall during El Niño episodes contributes

importantly to the average rainfall association in the

instrumental record. The Quelccaya d18O record shows

little change during the MCA and much more depleted

values late in the LIA. Interpretations of this record vary

(Hoffmann 2003) as to the relative contributions of tem-

perature (Thompson et al. 1984) or precipitation (Vuille

et al. 2003a, b) changes in producing the isotopic fluctua-

tions in the Quelccaya record, and whether these relation-

ships have been stable through time, so the regional

climatic interpretation of Quelccaya’s persistently depleted

d18O during the LIA remains unclear.

3.1.1 Contemporaneous rapid climate changes

during the MCA

Although the onset and termination of the MCA are

gradual in many proxy records shown in Figs. 3 and 4, in

other records these transitions are sharp and coherent.

Because such changes raise the possibility of rapid

adjustments within the global coupled climate system,

some of these records are discussed below, including some

considerations related to physical processes, as well as

proxy location and sensitivity.

A convenient place to begin this discussion is with the

North Iceland summer SST record above (Sect. 3.1; Sicre

et al. 2008a; Fig. 3B, also Fig. 5D) with its distinctive

decadal-scale transitions in summer SST regimes in the late

tenth (warming) and early fourteenth (cooling) centuries.

The rapidity of these transitions suggest they may reflect

regime-like changes in high latitude North Atlantic sea

extent, as supported for Iceland waters at the MCA-LIA

transition by the North Iceland ice biomarker record

described earlier (Massé et al. 2008; Figs. 5B, 3C) and

documentary records (Ogilvie 1992; Ogilvie and Jónsson

2001; also Massé et al. 2008). That such changes had

regional extent is suggested by ice-related marine proxy

records from southwest Greenland (Jensen et al. 2004;

Fig. 5A), which indicate both a decrease in sea ice at the

onset of the MCA and an increase at the termination. Other

evidence suggesting the extent of these MCA changes

comes from archeological evidence for reduced summer

sea ice in the maritime Canadian Arctic (Mudie et al. 2005)

and proxy evidence for widespread retreat Baffin Island ice

caps during the period *1000–1250 AD with subsequent

rapid expansion going into the LIA (Anderson et al. 2008).

Notably, there is little suggestion of a sharply defined

medieval event in a collection of trans-arctic proxy tem-

perature records covering the past two millennia (Kaufman

et al. 2009), perhaps indicating that temperature fluctua-

tions related to MCA-LIA sea ice changes were largest and

may be best recorded in proxies records from regions not

far removed from the summer sea ice limit.

Whatever the true spatial extent and character of the

MCA transitions on the North Iceland Shelf, it is remark-

able that similarly timed abrupt shifts are apparent in proxy

records from regions far removed from the North Atlantic.

For example, the timing of the North Iceland changes

correspond closely to a well-defined increase in rainfall in

central China near the northwesterly limit of the East Asian

Monsoon (EAM; Zhang et al. 2008; Fig. 5E, also Fig. 4F).

As discussed by Zhang et al. (2008), this record shares

features in common with a number of indices related to NH

temperature, suggesting the possibility that the increased

rainfall in this region resulted from greater inland pene-

tration of the EAM during the MCA in response to warmer

NH summer temperatures.

Marine proxy records from the far western equatorial

Pacific show a similar event-like shift, with a well defined

period of warmer SSTs (and higher salinity) during the

MCA (Fig. 5F, Oppo et al. 2009; also Fig 3N, Newton

et al. 2006). The timing of this episode corresponds well

to the period of increased monsoon rainfall in the central

China record described above (Fig. 5E; see discussion in

Oppo et al. 2009) and to the North Iceland SST excur-

sion. The close agreement between the timing of the

North Iceland SST changes and western tropical Pacific

SSTs may indicate a dynamical linkage between the

changes at these two sites, but if so, it is not apparent

whether warmer NH temperatures induced in a northward

shift of the winter ITCZ (Newton et al. 2006) and

changes in the East Asian Monsoon (see Zhang et al.

2008) and/or a weaker winter monsoon (Oppo et al.

2009), or whether the higher latitude climatic changes

were forced from the tropics (Cobb et al. 2003; Graham

et al. 2007; Oppo et al. 2009).
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Intriguingly, rapid changes opposing those in the wes-

tern tropical Pacific appear in reconstructed SSTs from the

eastern equatorial Pacific (Conroy et al. 2008a, Fig. 5G

also Fig. 3P; also in the Peru river runoff reconstruction,

Fig. 3Q, Rein et al. 2004) indicating a sharp increase in the

zonal tropical Pacific SST gradient going into the MCA.

Further evidence of rapid MCA changes coherent with this

large-scale signature are seen in a composite fire scar

record from the Sierra Nevada in California (Fig. 5H;

Swetnam 1993; see also Graham et al. 2007). Notably, the

indicated increases in fire frequency are much more con-

stant through the MCA than the regional declines in cool

season precipitation (e.g., Fig. 3S, Cook et al. 2004; Gra-

ham et al. 2007; Graham and Hughes 2007), suggesting

warmer summer temperatures may have contributed further

to the sustained elevated fire incidence during the MCA,

perhaps as indicated by the simulation results (see Sect.

3.2.2; Fig. 9).

Medieval variability similar to the other records in Fig. 5

is seen in lake level proxy records from Ghana (Lake

Bosumtwi; Fig. 5I, Shanahan et al. 2009). The conjunction

proxy evidence sharply defined episodes of reduced rainfall

in Ghana (and, as noted earlier, simultaneously in eastern

equatorial Africa, see Russel et al. 2007) and warmer

extratropical North Atlantic SSTs during the MCA is

notable (compare Figs. 3A, 5D, I). However, the sense of

the relationship indicated by these proxy records (reduced

rainfall associated with warmer North Atlantic SSTs) is

inconsistent with the positive relationship between these

indices suggested by comparison between the Ghana

records and a tree-ring based reconstruction of the average

extratropical North Atlantic SST (the ‘‘AMO’’, Gray et al.

2004) over the past few hundred years (Shanahan et al.

2009). Eastern equatorial Atlantic SSTs are positively

associated with monsoon precipitation in Ghana through the

instrumental record [see discussions in Opoku-Ankomah

and Cordery 1994; though they do not follow with the late

twentieth century SST trends in that region (not shown)];

however, reconstructed Gulf of Guinea SSTs (Weldeab

et al. 2007) show no indication of a sharply defined cooling

episode during the MCA (not shown). Particularly good

agreement is apparent between the Ghana precipitation/lake

level reconstruction (Fig. 5I) and reconstructed eastern

equatorial Pacific SSTs (Fig. 5G; Conroy et al. 2008b),

though the modern relationship between these variables is

weak (not shown). Comparison of Ghana lake level proxy

records (Shanahan et al. 2009) and the Peru river discharge

proxy (Rein et al. Fig. 3Q) indicates a close connection

between equatorial eastern Pacific SSTs and Guinea Coast

rainfall (as suggested by Figs. 5G, I) through the past

2300 years [not shown; correlations between the Peru dis-

charge and Ghana lake silica records is 0.68 (25-year

smoothing) and 0.77 for lake d18O (51-year smoothing)].

It is worth noting that regional precipitation gradients are

strong, and water balance studies (Turner et al. 1996;

Shanahan et al. 2007) demonstrate that declines in lake

level like those indicated for Lake Bosumtwi during the

MCA could result from modest persistent reductions in

average precipitation (*5%, well within the range of

modern variability in local rainfall), so medieval changes in

regional precipitation may well have been relatively subtle.

Finally, note the temporal coherence between the end of

the pre-MCA droughts in Yucatan (Fig. 5J) and rapid

summer warming on the North Iceland shelf, suggesting

the possibility of northward shift in the ITCZ over Meso-

America in synchrony with a reduction in the meridional

temperature gradient (Haug et al. 2003); though curiously,

there is no indication of the end of MCA shift in the

Yucatan record. Other records from the region show a

similar pattern of sharp changes or trends near the begin-

ning of the MCA (contemporaneous with the end of the

Yucatan droughts) without clear indications at the termi-

nation. These include northern Gulf of Mexico SSTs

(*1–2�C decline at the onset of the MCA; Richey et al.

2007; not shown) and inferred Gulf Stream transport

through the Florida Straits (*5–10% decline and increas-

ingly salinity from the onset the MCA into the LIA; Lund

et al. 2006; not shown). It has been suggested that these

changes reflect coupled salinity-transport-climate feed-

backs modulating AMOC variability (e.g., Lund et al.

2006; Seager et al. 2007a, b; Sicre et al. 2008a); however,

at present the proxy evidence for such an association is

quite limited and it is unclear how each of the various

elements and processes involved may be linked to each

other and to larger-scale MCA-LIA climate changes in

general.

These results raise interesting possibilities concerning

the causes of coherent rapid regional climate changes

during the MCA and LIA. First, the changes in North

Iceland summer SST (Fig. 5D; Sicre et al. 2008b) resemble

abrupt sea ice variability seen simplified and full physics

climate models (e.g., Holland et al. 2006b; Merryfield et al.

2008). These studies show that rapid transitions between

perennial sea ice cover and ice-free regimes can result from

slight changes in heat flux in circumstances where small

changes in melt produce large changes in open water area.

For the MCA, the abrupt 1�C SST increase in the North

Iceland record at the onset of the MCA occurred in the

context of a steady cooling trend (about 2�C) during the

1300 years ending in about 700 AD (e.g., Sicre et al.

2008b; see also Anderson et al. 2008; Kaufman et al.

2009). It is plausible that this cooling increased the sensi-

tivity of regional (non-local) Nordic Sea ice cover, allow-

ing abrupt transitions towards much reduced (increased)

ice extent near the onset (termination of the MCA) pro-

ducing the sharp changes in North Iceland SSTs. Possible
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triggers for such transitions include (i) changes in surface

irradiance, with relatively high irradiance during the MCA

(high solar and low volcanic forcing during the MCA) and

sharply lower irradiance (low solar, high volcanic forcing)

at the onset of the LIA (Crowley 2000; Hegerl et al. 2006;

Ammann et al. 2007; see also Anderson et al. 2008), (ii)

changes in oceanic heat transport and surface fluxes related

to the varying strength of the southwesterly flow across the

high latitude North Atlantic (stronger NAO during the

MCA, weaker NAO during the LIA; e.g., Lamb 1965;

Trouet et al. 2009), (iii) AMOC variability (oceanic heat

transport; Sicre et al. 2008a), and (iv) the long term

downward trend in summer SST noted earlier (Sicre et al.

2008b). Such an inverse relation between the NAO and ice

extent in the Nordic Sea is apparent the modern record

(Deser et al. 2000; Visbeck et al. 2003). The idea that

irradiance changes played a role in North Iceland sea ice

variability during the LIA is supported by the similarity

between the sea ice biomarker record (Fig. 5B; Massé et al.

2008) and North Atlantic sea ice cover inferred from the

irradiance-forced millennium climate model simulation

(Fig. 5C; Ammann et al. 2007; also Crowley 2000; Hegerl

et al. 2006; see Sect. 2.1.2).

A second issue relates to why nearly contemporaneous

rapid climate changes appear in proxy records from across

the planet. How were these changes communicated? Were

the effects of rapid changes in tropical Indo-Pacific SSTs

transmitted across the planet via circulation changes [as seen

in many model results (e.g., Lau 1985; Graham et al. 1993;

Hoerling et al. 2001; Alexander et al. 2002; Bader and Latif

2003), including the tropical warming experiments descri-

bed in Sect. 3.2]? Or, did the modest changes in high latitude

North Atlantic SSTs produce clear and immediate impacts

on lower latitude climate? Mechanisms for this latter idea

have been explored with climate models in the context of

much larger changes North Atlantic SSTs in the context of

AMOC collapse (up to 8�C; Timmermann et al. 2007b; see

also Sect. 4.1), and while these model results are qualita-

tively similar with some of the proxy records discussed

above, their relevance to much smaller MCA SST changes

[about 1�C at North Iceland (Sicre et al. 2008a), 1.5�C at

Bermuda (Keigwin 1996)] has not yet been demonstrated. It

is also possible that the near-contemporaneous MCA chan-

ges in the proxy records in Fig. 5 are not directly related, but

rather reflect local sensitivities (proxy and/or climate) to

slow changes in background conditions or external forcing.

If this is the case, then the MCA shifts are conspicuous, but

not necessarily indicative of dynamical teleconnections.

3.2 IOWP Simulation Results

This section presents the results from the IOWP coupled

model simulations, focusing on differences between

averages from the IOWP25 and CNTL experiments in

terms SLP, precipitation and temperature (see Sect. 2.2).

The presentation describes results first for boreal winter

(December-March), then for boreal summer (June–

September). Discussions relating the IOWP25 results to

those from our other tropical warming experiments are

given in Sect. 3.3, and to related experiments by others in

Sect. 3.4. The simulation results are considered within the

context of the proxy records in Sect. 4.

3.2.1 Boreal winter

Comparisons of the results from the IOWP25 and CNTL

simulations for boreal winter are shown in Fig. 6 (SLP and

precipitation) and Fig. 7 (temperature). For SLP, the

dominant feature is a belt of higher pressure stretching

eastward from the mid-latitude northeast Pacific, across the

subtropical Atlantic and Mediterranean, and into central

and southwest Asia. Lower SLP covers the high latitude

North Atlantic, resulting in a more positive NAO-like

pattern (the average Iceland-Portugal SLP difference

increases by about 6 hPa in the IOWP25 simulation).

Precipitation deficits follow the southern flank of the belt of

increased mid-latitude SLP, an area including the western

US and Morocco, and mark its eastern terminus over

southwest Asia. Increased precipitation covers much of the

Nordic Seas and Britain, and extends into parts of north-

west Europe, so the simulated precipitation pattern over the

Europe and northwest Africa is typical of a stronger NAO

(e.g. Hurrell and van Loon 1997). The precipitation signal

over central east Africa is mixed, with increased rainfall

indicated in some near-coastal regions and decreases over

the interior (these features are representative simulated

total annual precipitation as well (not shown), though note

that the spatial resolution of the model is coarse compared

with the scales of the important topographic features in this

region).

Increased precipitation covers much of the tropical

Indian Ocean and northwestern tropical Pacific (where

the SSTs were forced to increase). Interestingly, eastern

equatorial Pacific rainfall is reduced by 20–30%. These

reductions apparently reflect changes in the Walker

Circulation induced directly by the increased IOWP

SSTs (increased subsidence over the eastern tropical

Pacific in response to increased Indo-Pacific precipita-

tion) and local ocean–atmosphere (‘‘Bjerknes’’) feed-

backs involving joint increases in zonal wind stress (up

to 30%; not shown), upwelling and cooler SSTs (as

much as -0.5�C; see Fig. 7) in the eastern equatorial

Pacific. In the west-central equatorial Pacific (between

150E and 180E) decreased precipitation (and accelerating

surface easterlies, not shown) marks the edge of the

region where additional irradiance has been applied—the

N. E. Graham et al.: Support for global climate reorganization 1229

123



prominence of this feature is an artifact of the experi-

mental design.

Simulated changes in winter temperature (Fig. 7) are

most conspicuous over the North Atlantic with one band of

warmer SSTs extending east from North America between

25�N and 40�N, another band of cooler SSTs reaching

across the higher mid-latitudes (40–50�N; beneath the

increased surface westerlies), and much warmer

Fig. 7 Differences in December–March temperature between the

IOWP25 and CNTL simulations (�C, color; values are SST over

ocean and 2-m temperature over land). Colors are shown only where

temperature differences exceed the 95% confidence level (t test).

Lined contour interval is 0.5�C between 30�N and 30�S and 1�C

elsewhere. Global average change in 2-m temperature (SST) has been

subtracted from land (ocean) values (see Sect. 2.1.1; Table 2)

Fig. 6 Differences in December–March precipitation (expressed as

fraction of CNTL, color) and SLP (difference, hPa) for the IOWP

simulation; precipitation changes are shown only where the

differences exceed the 95% confidence level (t test) for years 8–48

of the IOWP simulation and 50-years of CNTL data (see Sect. 2.1.1)
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temperatures in the Nordic Seas. Such banded features are

typical of the SST response to more positive NAO-like

circulation patterns in observations and model data, and

arise primarily from atmospheric forcing via changes in

surface fluxes of heat and momentum (Cayan 1992;

Kushnir 1994; Delworth and Greatbatch 2000; Visbeck

et al. 2003). The warming in the Nordic Seas of up to 6�C

in winter is associated with a northwestward retreat of the

sea ice limit (about 150 km), apparently in response to

surface flux and heat transport changes related to a more

positive NAO-like circulation pattern and stronger south-

westerly winds over the mid-latitude North Atlantic. As

noted earlier (Sect. 3.1), such an inverse relationship

between NAO-related circulation changes and high latitude

North Atlantic sea ice is apparent in the in the instrumental

record (Deser et al. 2000; Visbeck et al. 2003), with the sea

ice variability resulting from NAO-associated changes in

surface heat flux, wind-driven ice transport and increased

advection of warmer water from the south.

Elsewhere, the simulated temperature changes show

clear warming over the Indo-Pacific region where the

irradiance forcing is applied, the induced eastern Pacific

cooling noted earlier, and features that generally reflect the

sense of changes in advection (inferred from the SLP dif-

ferences; Fig. 6) over the NH continental regions and

surface heat flux over the North Pacific (e.g. Cayan 1992).

Consistent with NAO-composites (e.g. Hurrell and van

Loon 1997), the model results do show some warming over

northwestern Europe (up to 0.5�C in the Baltic area); these

temperature changes do not exceed the t test 95% signifi-

cance limit used for shading (Fig. 7), but are consistent

with the regional enhancements in precipitation (Fig. 6; see

also Trouet et al. 2009).

3.2.2 Boreal summer

Simulation results for boreal summer are shown in Figs. 8

and 9 (SLP and precipitation, and temperature respec-

tively). For precipitation, the IOWP results show increased

rainfall over northern Australia and the Indo-Pacific warm

pool, while precipitation deficits cover the continental

fringes of the western and northwestern Indian Ocean (see

Discussion below), including the Ethiopian Highlands and

parts of the southern Arabian Peninsula. Reduced precipi-

tation also covers much of the central and eastern Sahel,

but these changes generally do not exceed the 95% t test

significance level. For the central and eastern Sahel and

Ethiopian Highlands the simulated precipitation deficits

reflect restricted northward migration of the ITCZ (not

shown) during boreal summer, apparently a response to the

warmer Indian Ocean SSTs (see further discussion Sects.

3.4 and 4).

The simulation results show reduced precipitation along

the Guinea Coast and over the tropical Atlantic Ocean to

°

°

°

°

° ° ° °

Fig. 8 IOWP25-CNTL differences in summer (June–September)

precipitation (expressed as fraction of CNTL, color) and SLP

(difference, hPa). Precipitation differences are shown only where

the differences exceed the 95% confidence level (t test; see Sect.

2.1.1). SLP contour interval is 1.0 hPa except 0.25 hPa in the region

30�S–40�N and 25�E–100�E where the finer interval highlights

temperature-driven low pressure around continental periphery of

northern Indian Ocean (Fig. 6 shows corresponding temperature and

surface wind stress changes)
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the south. These changes in model precipitation reflect a

general decline in rainfall (rather than a meridional shift in

the ITCZ). The decrease in regional precipitation is likely

indirectly related to presence of relatively cooler simulated

SSTs in the eastern equatorial Atlantic (Fig. 9), as seen in

observations (e.g. Opoku-Ankomah and Cordery 1994; see

also Janicot et al. 1998) and ascribed principally to SST-

driven changes in low level humidity (Lamb 1983; Cadet

and Nnoli 1987; Vizy and Cook 2002). However, this

mechanism does not explain the simulation results because

without the adjustment for global average changes (as is

done for Figs. 7 and 9, see Sect. 2.1), IOWP25 SSTs in the

equatorial Atlantic are slightly warmer than in the CNTL

simulation. It is seems most likely that increased large-

scale subsidence (presumably from convection over the

Indian Ocean) is driving the tropical west African precipi-

tation decline, as well as increased eastern subtropical

Atlantic SLP (up to 0.7 hPa; not apparent in Fig. 8) and

associated stronger tradewinds (not shown) and cooling in

the southeastern tropical and subtropical Atlantic.

The region of reduced rainfall along the continental

margins of the northwest Indian Ocean is associated with

an elongated ‘‘thermal low’’ centered along the coast (see

SLP in Fig. 8). The decreased SLP is evidently a direct

thermal response to increased subsidence and higher tem-

peratures over land resulting from the enhanced oceanic

convection. The strengthened southwesterly winds (Fig. 9)

along the coasts of northeast Africa and the Arabian Pen-

insula imply 10–50% increases in wind stress curl and

coastal upwelling (not shown), a point touched on further

in Sect. 4. The more arid conditions in this region give way

to a mixed precipitation signal proceeding east across the

Indian subcontinent, and then towards more generally

increased precipitation over parts of central and southern

China, and southeastern Asia.

The pattern of simulated changes in North Atlantic SSTs

during summer are much like those for winter, though with

much smaller amplitudes in the Nordic Seas (about 2�C).

Warmer temperatures (1–2�C above CNTL values) cover

much of the US and southern Canada and extend into the

North Pacific, generally following the region of reduced

precipitation that traces the southern flank of a ridge of

higher SLP along 40–50�N. Cooler temperatures follow the

increased westerlies to the north of this anomalous ridge.

Widespread reductions in precipitation are depicted across

Central America and the southern Caribbean. The summer

results show no indications of the cooling and drying over

the equatorial Pacific found during the winter months (see

Sect. 4.1).

3.3 Results from other IOWP warming experiments

The dominant features of circulation and climate change in

the IOWP25 results (Figs. 5, 6, 7, 8) are reproduced in our

Fig. 9 Differences in June–September temperature (IOWP25-CNTL,

color; values are SST over ocean and 2-m temperature over land;

lined contours at 0.5�C intervals). Colors are shown only where the

differences exceed the 95% confidence level (t test). Lined contour

interval is 0.5�C. Global average changes in 2-m temperature (SST)

have been subtracted from land (ocean; see Sect. 2.1.1; Table 2).

Arrows show differences in Indian Ocean surface wind stress (s)
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other tropical warming simulations and tend to scale with

the magnitude and extent of the imposed forcing. Examples

of this behavior are shown in Figs. 10, 11, 12, 13, 14, 15,

16, 17, 18 compare results for the different simulations for

nine regional indices including the following: (i) the winter

NAO, (ii) annual average SST for the western North

Atlantic off the US, (iii) winter SST northeast of Iceland,

(iv) annual precipitation along the Guinea coast of tropical

west Africa, (v) annual precipitation in interior central east

Africa (interior coastal region, see below), (vi) summer

precipitation in the Ethiopian highlands region, (vii) winter

precipitation in central Asia (northwest Tibetan Plateau),

(viii) winter precipitation in the eastern equatorial Pacific,

and (ix) winter precipitation in the western US.

The repeatability of the simulated winter circulation

changes is further demonstrated by pattern correlations

(Table 4) between NH dSLP (simulated-CNTL sea level

pressure; 30–90�N) from the different tropical warming

experiments. These show good agreement between the

different simulations, especially between those with

warming in both the tropical Indian and western Pacific

(IOWP10, IOWP15, IOWP25; pattern correlations ranging

from 0.92 to 0.98), which agree less well with simulation

with prescribed warming restricted to the Indian Ocean

(IO10; pattern correlations 0.63–0.78). The lower NH SLP

pattern correlations with the IO10 results primarily reflect

differences in the pattern of SLP changes over the North

Pacific, with higher SLP dominating all the mid-latitude

North Pacific in the IO10 results (not shown), but centered

more in the eastern ocean in the IOWP results (as in Fig. 6).

The mid-latitude low pressure anomaly south of Aus-

tralia and New Zealand in the IOWP25 results for austral

winter (Fig. 8) is apparent in the simulations with western

Pacific warming, but not in the simulation in which ocean

warming was restricted to Indian Ocean (IO10). Similar

remarks apply to the increased precipitation over the

northwest tropical Pacific (not found in IO10). Interest-

ingly, all of the tropical warming simulations, including

IO10, show enhanced precipitation over Australia during

austral winter; in terms of total annual precipitation

simulated precipitation increases are uniformly largest

(20–30%) across southern Australia and result from

increases in austral winter precipitation. The heterogeneous

pattern of boreal winter precipitation changes over central East Africa (more rain near the coast, less rain inland) is

repeated in our other simulations.

3.4 Relation to other modeling studies using warmer

Indian Ocean SSTs

The results from our simulations can be compared to those

from other studies examining the climate impacts of altered

Indian Ocean and western Pacific SSTs. Most of these fall

in two groups; those dealing with the effects on winter

Table 4 Pattern correlations for average winter NH SLP differences

(simulated-CNTL; values are for poleward of 30�N, area-weighting

was used)

IOWP10 IOWP15 IO10

IOWP25 0.98 0.96 0.78

IOWP10 0.92 0.78

IOWP15 0.63

CNTL IO10 IOWP10 IOWP15 IOWP
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N
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PORTUGAL−ICELAND NAO: DJFM
SLP DIFFERENCE:  40°N 10°W  − 63°N 20°W

Fig. 10 Portugal-Iceland NAO (difference in SLP between 40�N,

10�W and 63�N, 20�W; hPa) from the different simulations (see Sect.

2.2); average and the 95% confidence range (from t test significance

on the means) are shown, these calculated for 50 years from the

CNTL simulation and years 8–48 for the tropical warming

experiments

CNTL IO10 IOWP10 IOWP15 IOWP25

SIMULATION
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"BERMUDA REGION" ANNUAL SST: 60−70°W 31−38°N

Fig. 11 As in Fig. 10, but for annual average SST (K) from the

western North Atlantic (31–38�N, 60–70�W)
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Northern Hemisphere circulation and the NAO, and those

focusing on changes in Sahel precipitation. These studies

were motivated largely by the trends towards a stronger

NAO (e.g., Hurrell 1995) and reduced Sahel rainfall (e.g.,

Hulme 1992; Nicholson 2000) during the second half of the

twentieth century, and their possible connection to

anthropogenic climate change (e.g. Rodwell et al. 1999;

Hoerling et al. 2001, 2004, 2006; Giannini et al. 2003;

Hurrell et al. 2004). Other studies have considered impacts

of altered Indian Ocean SSTs on Indian monsoon rainfall

and on precipitation in eastern central and southern Africa

(e.g., Goddard and Graham 1999; Meehl and Arblaster

2002).

With respect to impacts the winter Northern Hemisphere

circulation, Rodwell et al. (1999) showed that an atmo-

spheric general circulation model (AGCM) driven with

observed global SSTs and sea ice changes over the latter

half of the twentieth century reproduced much of the

observed low frequency variability in the NAO. Hoerling

et al. (2001) obtained a similar result using only tropical

SSTs, indicating the circulation trends reflected the impact

of progressive tropical warming. Following this evidence,

Bader and Latif (2003) prescribed observed SST variability

isolated to individual tropical ocean regions in an AGCM,
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NORTHEAST OF ICELAND: DJFM SST − 8−12°W 68°N

Fig. 12 As in Fig. 10, but for December–March SST (K) from

northeast of Iceland (68�N, 8–12�W). The larger range in the CNTL

simulation SSTs reflects sharp cooling due to sea ice formation in

some years; such episodes are absent in the tropical warming

simulations. The distributions for summer average SST are similar

(not shown), but cover a smaller range (2�C as opposed to 6�C)
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Fig. 13 As in Fig. 10, but for annual precipitation (mm mon-1) from

central East Africa (2�S–2�N, 34–38�E)
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Fig. 14 As in Fig. 10, but for annual precipitation (mm mon-1) from

the Ghana, Guinea Coast region tropical West Africa (6�N, 4�W–0�E)
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Fig. 15 As in Fig. 10, but for June–September precipitation

(mm mon-1) from the ‘‘Ethiopian Highlands’’ region (9–15�N,

35–37�E)
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concluding that Indian Ocean warming was the dominant

driver of the NAO trend. Hurrell et al. (2004) compared the

response of several AGCMs to observed SST variability

prescribed (i) globally, (ii) only in the tropical oceans, and

(iii) only in the tropical Atlantic. Their results were similar

to those described above; again implicating changes in

tropical ocean SST patterns (and especially Indian Ocean

warming) as the cause of the strengthening NAO. These

trends were not reproduced in the simulations with an

AGCM (CCM3) using only tropical Atlantic SSTs [similar

results in this regard were obtained by Pohlmann and Latif

(2005) with a different AGCM]. In a companion study,

Hoerling et al. (2004) examined AGCM sensitivity to

global tropical, Indian-West Pacific and Indian Ocean-only

SST variability. The results with each of these prescribed

SST experiments reproduced observed circulation trends,

further supporting the findings of Rodwell et al. (1999) and

Bader and Latif (2003), and the link between Indian Ocean

warming and the a more positive NAO. Bader and Latif

(2005) performed experiments much like ours, using a full

physics CGCM with prescribed warmer (and cooler) SSTs

in the uppermost layer of the Indian Ocean. In their results,

the simulated winter NAO closely tracks prescribed Indian

Ocean SST changes at decadal and longer time scales.

Deser and Phillips (2006) examine the sensitivity of two

AGCMs with quite different convective parameterizations

to observed late twentieth century global tropical SST

changes (a period when both the tropical Indian and Pacific

Oceans warmed). Their results emphasize that the magni-

tude of the changes in convection over the Indian

Ocean, and resulting atmospheric response over the North

Pacific are sensitive not only to the tropical SST patterns,

but to the particular model and parameterizations used as

well.

The dynamical processes through which Indian Ocean

SSTs elicit robust teleconnections in the winter NH cir-

culation (including the NAO) have also been explored in

several studies (Branstator 2000; Hoerling et al. 2004; Lu

et al. 2004; Bader and Latif 2005). The results show that

disturbances to the NH jet stream over southern Asia that

can efficiently propagate over great distances and tend to

amplify over the North Atlantic. Changes in deep con-

vection over the Indian Ocean resulting from altered SSTs

produce such perturbations, thus providing the dynamical

link between Indian Ocean SSTs and the NAO (Hoerling

et al. 2004; Bader and Latif 2005).

Addressing the question of the late twentieth century

downward trend in Sahel rainfall, Giannini et al. (2003),
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Fig. 16 As in Fig. 10, but for December–March precipitation

(mm mon-1) from the region of central Asia near Guliya Ice Cap

(75–80�W along 35�N)
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Fig. 17 As in Fig. 10, but for December–March precipitation

(mm mon-1) from the eastern equatorial Pacific (5�S–5�N, 80�W–

140�W)
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Fig. 18 As in Fig. 10, but for December–March precipitation from

the western USA (mm mon-1; 35–45�N, 115�W–125�W)
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Bader and Latif (2003), and Lu and Delworth (2005)

describe various AGCM experiments using observed and

idealized SSTs prescribed globally or regionally for the

tropical oceans. Their results uniformly show that warmer

Indian Ocean SSTs result in decreased Sahel precipitation,

with the Sahelian anomalies extending east into the

Ethiopian Highlands in the latter two studies, as in our

results [see Fig. 8 and related text; Giannini et al. (2003) do

not show results for eastern Africa]. This latter finding is

consistent with the close agreement between low frequency

variability in Sahel precipitation during the latter part of

the twentieth century and declining trends in Blue Nile and

River Atbara discharge, both of which drain the Ethiopian

Highlands (Sutcliffe and Parks 1999; see Appendix 1).

Bader (2005) addresses the dynamical processes through

which Indian Ocean SSTs modulate Sahel summer rainfall

and finds that subsidence over the Sahel is enhanced and

precipitation suppressed as Indian Ocean SSTs and con-

vective precipitation increase. Hoerling et al. (2006) ana-

lyzed the response of Sahel rainfall to observed SST

variability during the latter half of the twentieth century in

ensemble simulations with several AGCMs. Their results

show that the multi-model ensemble closely reproduced the

observed trends in summer rainfall across much of North

Africa, including the Sahel. Other results (also Hoerling

et al. 2006) using more limited sets of models suggest that

warming in both the tropical Indian and tropical south

Atlantic Oceans is required to reproduce the observed

pattern of negative trends in Sahelian rainfall across the full

breadth of the continent.

Meehl and Arblaster (2002) studied the impacts of

Indian Ocean SSTs on the Indian Monsoon with an

AGCM. Their results are similar to ours, with a warmer

Indian Ocean resulting in reduced summer precipitation

throughout the Horn of Africa and into the southern

Arabian Peninsula and a more varied response proceed-

ing west through southern Asia. Goddard and Graham

(1999) investigated the response of austral summer pre-

cipitation in central east and southern Africa to tropical

Indian and Pacific Ocean SST variability. They showed

that warmer SSTs in the central tropical Indian Ocean

(with climatological SSTs elsewhere) tended to increase

precipitation in the central east Africa and decrease

precipitation in southern Africa. A similar dipole struc-

ture has been observed in instrumental data (Nicholson

1986) and emerges from our tropical warming simula-

tions (Fig. 6; also for simulated annual precipitation, not

shown), though, as noted earlier, our results show the

increases in precipitation more confined to the coastal

region, perhaps because of details in model topographic

representation or differences in the patterns of Indian

Ocean SST changes and/or cooler SSTs in the eastern

tropical Pacific.

4 Discussion

4.1 Relating IOWP simulation results to proxy data

and reconstructions

Major features of the differences between the IOWP25 and

CNTL results for winter (Sect. 3.2.1; Figs. 6 and 7) can be

related to patterns of MCA climate change inferred from

proxy records (Sect. 3.1). For example, model results are

consistent with proxy evidence for drier conditions over the

western US (allowing for the spatial bias in model

response, Sect. 2.2), northwest Africa, northern Oman,

central Asia and the eastern equatorial Pacific (Fig. 2;

Fig. 3 S,H,K,M,Q respectively), and increased precipita-

tion over Britain (Fig. 3D,E). This group of proxy-model

similarities is associated with the belt of higher SLP across

North America and Eurasia, and enhanced westerlies over

the North Atlantic (see Sect. 3.2.1). This pattern incorpo-

rates a weakened Aleutian low and stronger NAO, features

long suggested by others for the MCA on the basis of

regional proxy records (e.g., Lamb 1965; LaMarche 1974;

Stine 1994; Keigwin 1996; Cobb et al. 2003; Mangini et al.

2005; MacDonald and Case 2005; Graham et al. 2007;

Seager et al. 2007a; Trouet et al. 2009). Interestingly, the

main aspects of the extra-tropical NH circulation changes

can be reproduced by shifting the climatological pattern

slightly poleward, and bear some resemblance to those

resulting from expansion of the Hadley Cell in greenhouse

warming experiments (e.g. Lu et al. 2007, Frierson et al.

2007; Seager et al. 2007b).

The congruence of a stronger NAO, much warmer SSTs

and reduced ice extent in the Nordic Seas in the simulation

results allows comparison to high latitude North Atlantic

proxy records (Fig. 3A–C; also Fig. 5A,B,D). If extrapo-

lated to the proxy data, the model results indicate that the

sharp tenth century increase in North Iceland summer SSTs

(Figs. 3C, 5D; which was likely apparent in winter as well)

marks a persistent reduction in regional North Atlantic and

Nordic sea ice cover (Jensen et al. 2004, Fig. 5A; Massé

et al. 2008; Figs. 3B, 5B; see also discussion of Fig. 5,

Sect. 3.1) resulting from a more positive ‘‘NAO-like’’

circulation regime. The rapid return to a regime of cooler

SSTs 350 years later, now accompanied by the appearance

of local winter sea ice on the North Iceland shelf would

then mark a tendency towards a weaker NAO and the

expansion of regional sea ice in the Nordic Seas and high

latitude North Atlantic.

Further support for the idea of a stronger NAO during

the MCA is provided by agreement between the simulated

(NAO-related) warming in the western North Atlantic off

the US (Figs. 7, 9) and that seen in marine proxy records

from the region (Keigwin 1996, Fig. 3A; Wanamaker

et al. 2008). The few proxy records available from the
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mid-latitude North Atlantic in the band where the NAO-

related cooling would be expected (Figs. 7, 9) are from the

coastal eastern Atlantic, and show no indication of sharp

MCA-LIA related changes in marine conditions (Eiriksson

et al. 2006), a finding consistent with the relatively weak

response of SSTs off Europe to NAO variability (compared

to the western North Atlantic; e.g. Visbeck et al. 2003;

Figs. 7, 9).

An important point of model-proxy correspondence for

boreal winter relates to the indications for cooler SSTs and

reduced precipitation over the central/eastern equatorial

Pacific during the MCA (Cobb et al. 2003; Rein et al. 2004;

Conroy et al. 2008a, b). As noted earlier, in the model these

changes appear to reflect both direct (Walker Circulation)

effects from the Indian/western Pacific warming and indi-

rect amplification by ocean–atmosphere feedbacks in the

eastern tropical Pacific (see discussion of Fig. 7). The

simulated cooling (up to 0.5�C) is less than the 0.7–0.8�C

indicated by proxy records (Cobb et al. 2003; Conroy et al.

2008b, but the wide range of model sensitivities to tropical

Pacific ocean–atmosphere coupling (e.g. Neale et al. 2008)

and proxy uncertainties renders a quantitative comparison

of the magnitude of cooling problematic. In any case, the

resulting reductions in eastern Pacific precipitation may

have contributed to the simulated extra-tropical circulation

shifts, beyond those resulting from the warmer Indo-Pacific

SSTs.

The simulated 10–15% reduction in Ethiopian High-

lands summer rainfall is in the range of the *10%

reductions in Blue Nile flood discharge during medieval

time indicated by documentary and lacustrine records

(Hassan 1981; Kondrashov et al. 2005; Hassan 2007;

Fig. 3J; see also Halfman et al. 1994; Appendix 1). As

noted earlier, the decrease in model precipitation in the

Highlands reflects an inhibited northward migration of the

ITCZ into the eastern and central Sahel with the warmer

Indian Ocean SSTs, suggesting the possibility of reduced

precipitation in that region during the MCA, though cur-

rently available regional proxy records are not adequate to

address this question (Verschuren 2004). With respect to

central east Africa, the model results are consistent with

Rift Valley lacustrine proxy records indicating regional

MCA aridity (Fig. 3I; Verschuren et al. 2000; Verschuren

2004; Russel et al. 2007), showing clear and reproducible

reductions in precipitation away from the coastal strip in

this region (Fig. 13; see additional discussion in Sect.

3.2.1).

The model results are consistent with lacustrine proxy

evidence indicating reduced West African Monsoon rain-

fall along the Guinea Coast during the MCA (Shanahan

et al. 2009; Fig. 5I). As suggested earlier (Sect. 3.2.2), the

simulated precipitation declines appear to be a response to

subsidence from increased Indian Ocean convection

(similar results appear in other models using increased

Indian Ocean SSTs—e.g., Bader and Latif 2003; Hoerling

et al. 2006); however, the cause of the actual MCA

reductions in this region remains an open question.

The widespread reductions in simulated summer pre-

cipitation covering much of the extreme southeast Arabian

Peninsula (Fig. 8) appear consistent with the indications

for more arid medieval conditions in the proxy record from

southern Oman (Fig. 3L). The simulated increase in coastal

upwelling (inferred from surface wind stress) along the

southern coast of the Arabian Peninsula (see Sect. 3.2.2;

Figs. 8, 9) is in qualitative agreement with proxy indica-

tions for higher marine productivity in Omani coastal

waters during the MCA (Anderson et al. 2002). As dis-

cussed earlier, in the model results the enhanced coastal

winds and upwelling result from increased subsidence and

lower SLP (a ‘‘thermal low’’) along the continental fringes

of the Indian Ocean (changes originating from the

increased convection over the ocean), rather than from a

strengthening of the large-scale South Asian monsoon.

Proceeding eastward, the model results agree with proxy

records in showing a tendency towards increased summer

precipitation from eastern India into southeastern Asia, and

in central China (Fig. 4 and related discussion; also Fig. 8).

Once again however, beyond general tendencies, the spa-

tially heterogeneous patterns in the model results and proxy

data caution against overly direct point-for-point model-

proxy comparisons. The increased austral winter precipi-

tation over Australia apparent in all our simulations (Fig. 8

and related discussion) are in line with evidence that Lake

Eyre was permanently filled during parts of the MCA,

again consistent with a relatively warmer western and

cooler eastern/central tropical Pacific SSTs (Allen 1985).

The lack of boreal summer cooling in the eastern tropical

Pacific in the simulation results (Fig. 9) contrasts with

indications from sub-annually resolved corals (Cobb et al.

2003). Whether this discrepancy represents a fundamental

challenge for the idea of a warmer MCA Indian-Western

Pacific Ocean, or reflects flaws in the character of ocean–

atmosphere coupling in the model over the eastern tropical

Pacific (e.g., Neale et al. 2008), is open to question. In any

case, it likely explains why the model results do not

reproduce proxy indications for reduced austral winter

precipitation in central Chile during the MCA (Jenny et al.

2002; Fig. 3R). The widespread summer aridity over

Central America and the Caribbean Sea in the model

results is difficult to interpret in the context of regional

proxy records which portray a wide range of MCA-LIA

precipitation trends. This is particularly so in view of the

lack of simulated eastern tropical Pacific cooling in sum-

mer and the regional complexity of Caribbean-Central

American climate (Hastenrath 1976; Enfield and Alfaro

1999) [for example, the record from coastal Venezuela
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indicates a relatively wet MCA (Haug et al. 2001), that

from Panama suggests an arid MCA (Lachniet et al. 2004),

while the Yucatan records indicate comparatively little

difference between MCA and LIA precipitation (Hoddell

et al. 1995)].

The model results do not reproduce the medieval sum-

mer warming in Europe indicated by proxy records (e.g.,

Lamb 1965; Holzhauser et al. 2005; Büntgen et al. 2006;

see also Goosse et al. 2006), at least not much beyond the

global average temperature increase resulting from the

artificially induced warmer tropical SSTs (about 0.5�C).

The model results do, however, indicate 5–10% less sum-

mer rainfall over Britain, consistent with Lamb’s (1965)

reconstruction for medieval times (see also Proctor et al.

2000; Charman et al. 2006), this in association with a well

developed ‘‘summer NAO’’ SLP pattern (Folland et al.

2008; Fig. 8). These precipitation reductions spread east-

ward into central Europe, as suggested in Fig. 8, but are

much more evident as a spatially coherent pattern without

the significance test masking.

Together with other experiments (Sect. 3.3), our simu-

lations demonstrate that modest warming of the Indian-

Pacific warm pool can elicit a clear response in global

circulation, hydroclimatic and broad-scale SST patterns.

Further, they provide a plausible dynamically consistent

context within which to view the patterns of MCA-LIA

climate change inferred from proxy records—including

some features not explained by a cooler eastern/central

tropical Pacific alone (Graham et al. 2007; Seager et al.

2007a).

4.2 Possible forcing and mechanisms for tropical SST

changes

Our work does not address possible mechanisms that could

produce centennial time scale variability in Indian–Wes-

tern Pacific warming, but rather uses the spatial distribution

of inferred medieval climate changes as a guide for

deducing the underlying SST changes. The idea that

important changes in Indian Ocean SST can occur at multi-

decadal time scales is demonstrated by the *0.6�C

increase experienced during the second half of the twen-

tieth century (e.g. Hurrell et al. 2004). Furthermore, the

sensitivity of Indian Ocean SSTs to small changes in sur-

face flux is underscored by the similar degree of warming

that generally appears in simulations of the early stages of

anthropogenic warming (Alory et al. 2007) when the

increases in the direct greenhouse forcing are modest

(*0.6 W m-2, about *1 W m-2 total; Hoerling et al.

2004; Pierce et al. 2006). To provide some comparison, the

10–25 W m-2 prescribed irradiance changes used in our

experiments represent about 5–10% of the largest terms in

the annual tropical Indian Ocean surface heat flux budget

(latent and solar flux *200–240 W m-2; Esbensen and

Kushnir 1981).

Although greenhouse warming simulations commonly

produce Indian Ocean warming under modest changes in

surface fluxes, they do not generally produce a zonally

asymmetric response in tropical Indo-Pacific SSTs (Hoer-

ling et al. 2004), as hypothesized for the MCA and LIA.

Similarly, full physics climate models driven with esti-

mated changes in volcanic and solar forcing over the past

millennium (Ammann et al. 2007; Mann et al. 2009) show

little change in the gradient between central/eastern tropi-

cal Pacific and Indo-Pacific warm pool SSTs, though these

models do yield mean NH temperature records similar to

proxy-based reconstructions (Jansen et al. 2007). In con-

trast, an intermediate complexity coupled model of the

tropical Pacific driven with these past fluxes shows a strong

zonally asymmetric tropical response quite similar to that

indicated by proxy records (a cooler eastern Pacific, war-

mer western Pacific during the MCA; Mann et al. 2005)

through processes that are well understood (Clement et al.

1996), though some physical processes likely to be

important for longer time scales are not included in such

models. Additionally, at least one full physics model shows

a muted asymmetric tropical SST response to realistic solar

irradiance changes through a distinct, but related, set of

processes (Meehl et al. 2003), though these results are

restricted to decadal, rather than centennial, time scales.

Another proposed irradiance-related mechanism acts

through the effects of solar forcing on stratospheric tem-

peratures and resulting impacts on the tropospheric circu-

lation over the North Atlantic (Shindell et al. 2001; Mann

et al. 2009). Simulations with models that include this

process show a decrease in the strength of the NAO periods

of reduced solar irradiance, consistent with proxy evidence

for parts of the LIA, but little change in tropical SSTs

(Mann et al. 2009).

Other mechanisms have been proposed in which chan-

ges in extra-tropical NH SSTs induce changes in the

eastern Pacific-warm pool temperature gradient and/or

changes in ENSO variability (Liu et al. 2000; Clement

et al. 2000a, b; Sun et al. 2004; Timmermann et al. 2007a,

b). Although the model experiments testing these mecha-

nisms have used SST changes much larger than those

suggested by proxy records for the MCA, most indicate

northward (southward) shifts in the ITCZ, increased

(decreased) equatorial trades, and reduced (increased)

ENSO activity and/or cooling (warming) in the tropical

Pacific in conjunction with NH warming (cooling). All of

the mechanisms rely on ocean–atmosphere feedbacks to

amplify their expression in the tropical Pacific and gene-

rally indicate reductions in ENSO variability when NH

summer temperatures are warmer (see also Fig. 5 and

related discussion).
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5 Summary and conclusions

Results from coupled climate model simulations forced

with warmer tropical Indian and western Pacific SSTs

have been described and agree well with important fea-

tures of MCA-LIA climate change inferred from globally

distributed climate proxy records. Many of these simi-

larities, particularly those in the extratropical NH during

boreal winter, reflect an expansion of the Hadley cell and

a northward shift of zonal circulation features during the

MCA, a pattern characterized by a contracted Aleutian

low, stronger NAO and ridging extending into central

Eurasia. These circulation changes, which are similar to

those found by others in related experiments (e.g. Hurrell

et al. 2004; Hoerling et al. 2004; Bader and Latif 2005),

result in regional precipitation, temperature, SST, and sea

ice changes much like those suggested by proxy records.

Notably, the pattern of tropical SST change responsible

for the proxy-model agreement in our results is strikingly

similar to MCA-LIA SST differences in a recent proxy-

based reconstruction (Mann et al. 2009). We examine

evidence from well-supported proxy records indicating

abrupt changes in some local climates at the onset and

termination of the MCA. While the coherence and

rapidity of these changes is remarkable, additional high

resolution records and process studies (‘‘forward model-

ing’’) are needed to better understand the degree to which

these rapid shifts more generally reflect local sensitivities

to slow shifts in background conditions, as opposed to

significant changes in major elements of the climate sys-

tem. On a general note, our results portray the tropical

SSTs as the principal (if intermediary) driver for large-

scale climate change during the MCA; whether realistic

changes in extratropical boundary conditions can produce

similar agreement with proxy data from around the planet

is a hypothesis that should be tested rigorously with

respect to the MCA (see Cane 1998; Timmermann et al.

2007b).

Thus, while important aspects of MCA-LIA climate

change remain only loosely constrained by proxy records,

and models do not yet provide a complete ‘‘from first

principles’’ idea of what occurred, or why, it is encouraging

that various research avenues are showing some conver-

gence with respect to the (i) spatial structure of circum-

hemispheric MCA circulation changes and their associated

seasonal imprints on temperature and moisture, (ii) the

tropical SST patterns that played a key role in producing

the NH circulation changes, and (iii) possible underlying

causal mechanisms. It is clear that more work is needed in

each of these areas, though it seems that much immediate

potential lies with both new quantitative reconstructions of

regional precipitation and temperature, most critically for

tropical SSTs, and new methods that blend climate model

and proxy data (including process studies; e.g., Hughes and

Ammann 2009) to provide clearer dynamical perspectives

on past climate variability.
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Appendix 1: Nile maximum flood level record

and derived discharge

The ‘‘nilometer’’ record from Roda Island in Cairo goes

back to the seventh century AD and gives the longest

records of annual maximum and minimum levels of the

Nile (e.g. Sutcliffe and Parks 1999). The record is nearly

continuous from 621 to 1469 AD (1 year missing) and after

that is patchy through the early 1800s (49% complete) and

continuous from 1824 to 1921. Instrumental monthly Nile

discharge data are available from Aswan in southern Egypt

since 1870 (Vörösmarty et al. 1996), though not useful for

this study after 1960, due to abstractions and dam con-

struction. For the results reported here, we use the maxi-

mum level record (MAXFL) developed by Kondrashov

et al. (2005; Fig. 3J).

Approximately 85% of Nile flood season (August–

October) discharge arises from summer precipitation over

the central and northern Ethiopian Highlands (drained by

the Blue Nile and Atbara, respectively), with the remainder

(White Nile) coming in approximately equal parts from a)

the southern Ethiopian Highlands and b) farther south in

central east Africa and Lake Victoria (Sutcliffe and Parks

1999), the MAXFL record has the potential to provide
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information about variability in the extent of the summer

northward migration of the ITCZ when it reaches its

northernmost position over the Ethiopian Highlands. A

difficulty with the ‘‘nilometer’’ records is that siltation has

caused the depth of the river bed in Cairo to change over

time (‘‘aggradation’’; Hassan 1981). Hassan (1981) adjus-

ted the maximum flood level record for changes in

recording conventions, converted river level to discharge

using modern stage/discharge relationships for Cairo, and

tested three different procedures to correct for the effects of

aggradation. The results from these methods are quite

similar (see Fig. 1A–C in Hassan 1981), and comparison of

the record derived using the most conservative of these

corrections (Fig. 1C in Hassan 1981) with the MAXFL

record indicates that the aggradation bias averages about

1.5 m after 1860 and about 0.9 m for 1688–1859 (a con-

servatively high estimate), but that the portion of the record

including the MCA and early LIA MAXFL levels are not

systematically biased high.

We applied the most conservative bias adjustment noted

above to the MAXFL record (giving MAXFLADJ) and

developed a linear regression between the MAXFLADJ

record and measured August-October discharge at Aswan

for the period 1870–1921 (the correlation between the

Aswan data and the MAXFLADJ record is 0.94). The

regression results were then used with the MAXFLADJ

record to estimate Nile flood season discharge during the

MCA (950–1350) and LIA (1400–1800). The results give

average Aswan flood season discharge during the MCA as

38.1 km3, compared with 42.7 km3 during the LIA, indi-

cating that average flood season discharge during the MCA

was around 11% less than during the LIA (without bias

adjustment, the corresponding figure is 20%).

Discharge from the Ethiopian Plateau trended down-

ward between the mid-1950’s and about 1985, with Blue

Nile annual flow decreasing by about 30% (measured at

Roseires Dam, above most modern abstractions) and at

least that much in the River Atbara draining the northern

Ethiopian Highlands (Sutcliffe and Parks 1999). These

trends parallel the decreasing trends in Sahel rainfall (e.g.

Dai et al. 2004) and increasing trends in Indian Ocean SSTs

(Fig. 19). The association between modern Sahel and

Ethiopian Highlands rainfall is further emphasized by the

low frequency correspondence between the level of Lake

Chad (central Sahel) and Aswan flood season discharge,

particularly with both showing substantial declines during

the late ninetieth century (not shown; see also Hassan

1981).

Model simulations indicate that Indian Ocean warming

was a principal cause of declining Sahelian precipitation

during the latter half of the twentieth century (see Sect.

3.4).
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