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C L I M AT O L O G Y

Vegetation feedbacks accelerated the late Miocene 
climate transition
Ran Zhang1,2*, Jiaqi Guo3, Catherine D. Bradshaw4,5, Xiyan Xu1, Tiantian Shen6, Shufeng Li7, 
Junsheng Nie6, Chunxia Zhang8, Xiangyu Li9, Ze Liu10, Jian Zhang3, Dabang Jiang1,  
Yongyun Hu3, Jimin Sun8,11*

The late Miocene was an important stage for the formation of modern- like ecological and environmental patterns. 
Proxy data from the middle to late Miocene reveal that large- scale cooling and drying occurred; however, the 
reasons for this climate transition remain unclear. Through a compilation of proxy data and climate simulations, 
our results indicate that atmospheric CO2 decline markedly decreased the temperature and reduced the precipita-
tion in most of the land area, while the paleogeographic changes enhanced cooling at northern high latitudes and 
increased precipitation in East Asia, East Africa, and South America. In comparison, vegetation changes acceler-
ated cooling at northern high latitudes (the maximum cooling exceeded 10°C) and modulated precipitation at 
low-  and mid- latitude continents (the maximum decrease was close to 30%). This deepens the understanding of 
the mechanism of the late Miocene climate transition and highlights the importance of vegetation feedbacks dur-
ing global climate change.

INTRODUCTION
The late Miocene [11.6 to 5.3 million years (Ma)] represents an im-
portant period in Earth’s history, in which global warmth and a re-
duced equator- to- pole temperature gradient experienced during the 
middle Miocene shifted to near- modern biogeographical and cli-
matic conditions (1–3). Reconstructions show that from the middle 
to late Miocene, atmospheric CO2 concentrations decreased (Fig. 
1B), with notable cooling occurring at higher latitudes (Fig. 1, A and 
C). Meanwhile, the tectonic movements, including the uplifting of 
the central Asian orogenic belt and northern Tibetan Plateau (4–6), 
Rocky Mountains (7), Andes (8), mountains in eastern Africa (9), 
and Alps (10), were extraordinarily active during the late Miocene. 
The continental climate patterns and ecosystems also changed mark-
edly (11, 12), such as the expansion of the steppe zone (Fig. 1, D and 
E) (13) and a transition in the mammalian dietary habits toward in-
creasing consumption of C4 plants (Fig. 1F) (14). Various proxies 
across regions have demonstrated that the global climate dried dur-
ing the late Miocene (Fig. 1, G to K), which was accompanied by in-
creased terrestrial sedimentation rates (15), eolian grain sizes and 
erosion rates (16), and oceanic dust fluxes (17).

It is widely recognized that both atmospheric CO2 decline and pa-
leogeographic change drove the climate and ecological shifts during 

the late Miocene, yet their relative contributions remain contentious. 
Some scholars have argued that paleogeographic changes were pri-
marily responsible for the evolution of the regional climate in the late 
Miocene, with minor contributions from atmospheric CO2 (18–20). 
Others have demonstrated that decreased atmospheric CO2 was the 
key driver of late Miocene cooling and drying (21, 22). The contribu-
tions of paleogeography and atmospheric CO2 varied regionally. For 
example, aridification in central Asia throughout the middle to late 
Miocene was influenced mainly by the uplift of the Tibetan Plateau, 
whereas drying in the rest of Asia and Europe was driven by the de-
crease in atmospheric CO2 (23). Continuous decreases in temperature 
and precipitation during the middle to late Miocene were detected in 
different regions, which cannot be solely attributed to paleogeograph-
ic changes. In contrast, decreases in atmospheric CO2 can leave a si-
multaneous imprint on different regions, but the responses of climate 
and ecological environments across regions lag behind the changes in 
atmospheric CO2 and have certain differences (Fig. 1). Therefore, nei-
ther paleogeography nor atmospheric CO2 fully explained the global 
climate transition during the late Miocene.

Vegetation changes have been considered important factors af-
fecting the past climate (24–27). During the late Miocene, one of 
the most pivotal events was the transition from C3 to C4 vegetation 
(Fig. 1, D and E), which showed slight temporal variations across 
continents (28–31). The reconstructed vegetation distribution indi-
cates that broadleaf trees decreased in Europe, Asia, North America, 
and Australia and that shrubs and grasses expanded in central Asia, 
North Africa, North America, and Australia from the middle to 
late Miocene (fig. S1 and table S1) (3, 32). Moreover, the limited 
data in Arctic regions seem to support a southward shift of needle-
leaf trees (fig. S1) (3, 32). A recent study also demonstrated that the 
initiation and diversification of the Arctic flora occurred starting 
in the early late Miocene, accompanied by an increasingly open 
Arctic forest canopy and an increase in shrubs and herbs (33). 
Large- scale ecosystem transformation may have had an important 
impact on the global climate; however, how vegetation feedbacks to 
climate and its role in the middle to late Miocene climate transition 
remain unknown.
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Fig. 1. Climatic, vegetation, and animal records from 15 to 5 Ma. (A) Benthic foraminifera δ18O (2). (B) Atmospheric cO2 reconstructions from boron isotopes (circle) 
and alkenones (cross and diamond) (36). (C) Regionally averaged sea surface temperature (SSt) anomalies (66) for the tropics (red), northern hemisphere mid- latitudes 
(black), northern hemisphere high latitudes (blue), and Southern hemisphere (green). (D) Grass proportions for north America (orange) (39), South America (green) (68), 
and central Asia (red) (69) and the chenopodiaceae/Amaranthaceae (c/A) of east Africa (blue) (41). (E) c4 plants for north America (orange) (70) and West Africa (blue) (28) 
and δ13c of sediments and mammals for South America (green) and South Asia (pink) (71). (F) hypsodonty trends for equids (black), antilocaprids (blue), camelids (or-
ange), and dromomerycids (green) in north America (14). (G) K/Al ratio (green) and chemical index of alteration (ciA) (blue) from indus Marine A- 1 (72). (H) the ratio of 
chlorite/(chlorite + haematite + goethite) (cRAt) from Ocean drilling Program site 1148 (72). (I) Quantitative mean annual precipitation (MAP) reconstruction in the north-
eastern tibetan Plateau using the average of three methods (weighted averaging partial least squares, modern- analog technique, and random forest) (73). (J) Quantitative 
MAP reconstruction using the coexistence approach (cA) for Ukraine (green) and Serbia (blue) (51, 74) and the average of three methods (climate reconstruction software, 
climate reconstruction analysis, and the cA) for UK (black) (75). (K) Quantitative MAP reconstruction using transfer functions based on the percent grazing species (blue), 
percent Macropodidae (green), and percent mammals in the size range of 45 to 180 kg (orange) for Australia (55). ‰, per mil; ppm, parts per million.
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Overall, previous modeling studies have generally demonstrat-
ed that atmospheric CO2 decline and paleogeographic change are 
the main factors influencing the late Miocene climate transition, 
but most have not separated the role of vegetation feedbacks (18–
20). Here, through the integration of proxy data and seven global 
climate simulations with the Community Earth System Model 
(CESM) 1.2.2 based on middle Miocene (∼14 Ma) and late Mio-
cene (∼6 Ma) paleogeographies (34), we provide important in-
sights into the predominant mechanism for the late Miocene 
climate transition demonstrating our hypothesis that vegetation 
feedback was also an important factor that accelerated the late 
Miocene climate transition. In particular, we used a synthesis of 
Miocene sea surface temperature (SST) and terrestrial annual tem-
perature (TAT) data (table S2) (35) and collected precipitation re-
constructions with 121 qualitative and 96 quantitative data points 
derived from the literature (table S3) to compare the climate con-
ditions in the middle and late Miocene. In addition, we conducted 
global climate simulations (Table 1) to isolate the individual 
effects of atmospheric CO2 decline, paleogeographic change, and 
vegetation feedbacks on the climate transition from the middle to 
late Miocene.

RESULTS AND DISCUSSION
Climate transition from the middle to late Miocene
According to global temperature and regional SST records (Fig. 1) 
(1, 2), the overall trend from the middle to late Miocene was cool-
ing, in parallel with decreasing atmospheric CO2 (36, 37). The SST 
records indicate a consistent cooling pattern, with more pronounced 
cooling occurring at high latitudes in the Northern Hemisphere 
than in the Southern Hemisphere (Fig. 2A). The TAT records also 
show marked cooling at northern high latitudes (Fig. 2B). The mod-
el results (LM280veg − MM700veg) indicate that the climate cooled 
from the middle to late Miocene, with clear regional differences. The 
simulated annual surface air temperature (SAT) decreased in most 
land areas, with larger magnitudes observed at high latitudes (Fig. 
2C). Similarly, the simulated SSTs also decreased, particularly in the 
northern parts of the Pacific and Atlantic (fig. S2A). Overall, the 
reconstructed cooling from the middle to late Miocene is captured 

reasonably well by the simulations, particularly the greater cooling 
documented at northern high latitudes.

Precipitation reconstructions reveal that the large- scale climate 
became drier from the middle to late Miocene. This drying trend 
is notable in Europe, central Asia, western North America, and 
Australia, but there are also regional wetting trends, such as in some 
regions in East Asia, East Africa, and South America (Fig. 2D). The 
model results (LM280veg − MM700veg) reproduce the decreasing 
annual precipitation in most land areas, especially at northern mid-  
to high latitudes, North Africa, northern South America, and South 
Australia (Fig. 2D). Although limited records exist, the wetting 
trends in the northeastern Tibetan Plateau, East Africa, and southern 
South America are also reproduced by the simulations (Fig. 2D). In 
addition, the simulated surface runoff and soil moisture reveal obvi-
ous hydrological changes and direct effects of precipitation, particu-
larly at low-  and mid- latitude continents (fig. S3).

Climate change is also reflected in other aspects of the climate 
system. From the middle to late Miocene, the meridional tempera-
ture gradient increased because of the disproportionately greater 
cooling experienced at the poles. As a result, the mid- latitude west-
erlies in the Northern Hemisphere strengthened according to 
thermal wind theory (38), and the intertropical convergence zone 
migrated southward, especially in North Africa and the Pacific (fig. 
S4). The regional hydrologic cycle weakened; in particular, the mon-
soon domain shrunk in North Africa, northwestern East Asia, and 
southern Australia (fig. S4), accompanied by a weakened summer 
monsoon and increased regional dryland aridity. In contrast, the 
monsoon domain expanded in the Arabian Peninsula, Tibetan Plateau, 
and northwestern Australia due to the increased land area or height. 
These results are consistent with the expansion of grasslands in 
North America (39), central Asia (40), Africa (41), and Australia 
(42); the expansion of deserts in Africa (43) and Asia (44); and the 
weakening of Asian and North African monsoons (43, 45). Overall, 
multiple aspects of the climate system markedly changed via atmo-
spheric circulation and ocean- atmosphere interactions.

Vegetation feedbacks enhance cooling and drying
As demonstrated in our sensitivity experiments, the atmospheric CO2 
decline markedly decreased the global temperature and large- scale 

Table 1. Information about the spin- up of Miocene simulations. deep ocean temperatures are averaged between 2649 and 4126 m. the temperature trend 
is calculated as the average of the final 100 years of the simulation minus the 100 years before that simulation to obtain a trend per century. the prescribed 
vegetation is from the proxy- based reconstruction of the tortonian.

Experiment Paleogeography Antarctic ice 
sheet

CO2 
(ppmv)

Vegetation Integration 
(year)

TOA radiation 
imbalance  

(W m−2)

SAT (°C) SAT trend 
(°C/century)

Deep ocean 
temperature 

trend (°C/
century)

 MM700 14 Ma Approxi-
mately half

700 Prescribed 2200 0.03 19.77 −0.01 −0.01

 MM700veg 14 Ma 700 Simulated 600 0.03 19.65 −0.01 0.00

 MM280 14 Ma 280 Prescribed 2200 −0.02 16.23 −0.03 −0.01

 MM280veg 14 Ma 280 Simulated 600 −0.00 16.11 0.01 0.01

 LM280 6 Ma Full 280 Prescribed 2500 0.05 15.99 −0.02 0.01

 LM280veg 6 Ma 280 Simulated 600 −0.06 15.50 0.00 −0.01

 MM280_
LMtopo 

14- Ma Paleogeog-
raphy and 6- Ma 

topography

6 Ma 280 Prescribed 500 0.03 16.24 0.01 0.00
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precipitation (Fig. 3, A and B). The model results (MM280 − MM700) 
show more pronounced cooling at high latitudes (Fig. 3A), which is 
consistent with the records (Fig. 2). However, the reconstructed SSTs 
showing greater cooling at northern high latitudes than at southern 
high latitudes (Fig. 2A) could not be reproduced by simulation driven 
by a decline in atmospheric CO2 (Fig. 3A). In addition, the decrease 
in atmospheric CO2 generally decreased large- scale precipitation 
through the weakened hydrologic cycle (Fig. 3B), which is consistent 
with previous modeling studies (25, 35), but the reconstructed re-
gional increased precipitation over East Asia, East Africa, and South 
America (Fig. 2D) was not captured by the simulation (Fig. 3B). These 
discrepancies suggest that additional forcing factors beyond the at-
mospheric CO2 decline are needed to explain the climate transition 
during the late Miocene.

Our simulations revealed that the paleogeographic changes expe-
rienced from the middle to late Miocene further modulated the tem-
perature and precipitation changes. Paleogeographic changes 
(LM280 − MM280) led to marked cooling at northern high latitudes 
and in the Antarctic, with greater cooling at northern high latitudes 
(Fig. 3C). The precipitation also decreased at northern mid-  to high 
latitudes owing to the weakened hydrologic cycle and in North 
Africa due to the closure of the Tethyan seaway via the weakening of 
the African summer monsoon (43). In addition, the precipitation 
increased on the Tibetan Plateau, East Africa, and northern Austra-
lia due to increases in elevation (fig. S5) by strengthening the water 
vapor convergence (Fig. 3D). This finding was further confirmed by 

a sensitivity experiment of the topographic changes from the middle 
to late Miocene based on the middle Miocene boundary conditions 
(fig. S6). Thus, by incorporating the paleogeographic changes and 
the atmospheric CO2 changes, the simulated patterns of temperature 
and precipitation are more consistent with the records (Fig. 2), par-
ticularly the greater cooling seen at northern high latitudes and in-
creased precipitation in the northeastern Tibetan Plateau, East 
Africa, and southern South America.

In response to the colder and drier climate from the middle to late 
Miocene, the simulated vegetation underwent notable changes. The 
main features included a southward shift in needleleaf trees at northern 
high latitudes; a decrease in broadleaf trees in Europe, Asia, North 
Africa, North America, and Australia; and an expansion of shrubs 
and grasses (fig. S7). This result is broadly consistent with the recon-
struction (fig. S1 and table S1). Our simulations revealed that these 
vegetation changes also caused feedbacks to climate that further af-
fected the temperature and precipitation changes (Fig. 3, E and F).

We find that vegetation feedbacks [(LM280veg − MM700veg) − 
(LM280 − MM700)] markedly accelerated northern high- latitude 
cooling and modulated low-  and mid- latitude continental hydro-
logical climate (Fig. 3, E and F). The globally averaged SAT cooling 
due to vegetation feedbacks was −0.37°C, which was clearly lower 
than the cooling (−3.54°C) caused by the atmospheric CO2 decline 
but greater than the cooling (−0.24°C) caused by the paleogeo-
graphic change. Vegetation feedbacks also caused the globally land- 
averaged precipitation to decrease by −0.08 mm/day, which was 

Fig. 2. Temperature and precipitation anomalies from the middle to late Miocene. Average zonal (A) SSt and (B) tAt computed from the proxy (dots) for the middle 
(red) and late (green) Miocene (35). the thick green (red) line is the overall trend and represents the average zonal temperature estimate. the simulated annual (C) SAt and 
(D) precipitation anomalies are due to combined paleogeographic change and atmospheric cO2 decline with dynamic vegetation (lM280veg − MM700veg). in (d), 
qualitative (circle) and quantitative (triangle) proxy data are displayed as wetter (blue), drier (red), and no change (gray) at the 6- Ma location according to the global plate 
model (76). elevations equal to 1500 and 3000 m in lM280veg are highlighted with red and purple contours.
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lower than the decreases of −0.27 and −0.12 mm/day caused by the 
atmospheric CO2 decline and paleogeographic change, respectively. 
However, the corresponding effect was more pronounced regionally. 
Owing to vegetation feedbacks, precipitation largely decreased in 
mid- latitude Europe and North America, North Africa, Australia, 
and northern South America and increased in East Asia, South 
Africa, and northeastern South America (Fig. 3F). For example, in 
North Africa, the maximum precipitation decrease was close to 
30%, which was comparable to the decrease in response to atmo-
spheric CO2 decline. Moreover, the maximum cooling experienced 
at northern high latitudes due to vegetation feedbacks exceeded 
10°C (Fig. 3E), which was a greater decrease than the respective ef-
fects from atmospheric CO2 and paleogeography (Figs. 3 and 4). By 

comparing the SST changes from the middle to late Miocene, the 
model results with vegetation feedbacks better fit the SST records, 
with a higher correlation found between the trends of the SST 
changes in the records and the model results when vegetation feed-
backs are included (fig. S8).

Mechanisms for vegetation feedbacks to climate
The enhanced northern high- latitude cooling due to vegetation feed-
backs is related to direct vegetation- driven surface albedo changes 
and indirect water vapor, cloud, and sea ice feedbacks (Fig. 5). The 
surface albedo increased largely at northern high latitudes after the 
vegetation changed (fig. S9). This occurred because the surface al-
bedo of shrubs and grasses is greater than that of needleleaf trees and 

Fig. 3. Temperature and precipitation anomalies due to individual factors. the simulated annual SAt anomalies (left) and precipitation changes (divided by precipita-
tion from MM700veg) (right) due to (A and B) atmospheric cO2 decline with static prescribed vegetation (MM280 − MM700); (C and D) paleogeographic change with 
static prescribed vegetation (lM280 − MM280); and (E and F) vegetation feedback response to combined effects of paleogeographic change and atmospheric cO2 de-
cline [(lM280veg − MM700veg) − (lM280 − MM700)].
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increases further after being covered by snow. Geological evidence 
suggests that, in the northern regions of Canada and Alaska, the ratio 
of shrubs and herbaceous plants to trees increased, resulting in a 
more open forest canopy (33), supporting an increase in surface al-
bedo at northern high latitudes. As a result, the reflected solar radia-
tion (RSR) largely increased (Fig. 4). The expansion of grasses and 
shrubs in place of needleleaf trees at northern high latitudes also re-
duced the latent heat flux and atmospheric water vapor content ow-
ing to the decreased evapotranspiration (ET) (fig. S10). The reduced 
ET and atmospheric water vapor content decreased the cloud cover, 
resulting in positive shortwave cloud forcing and negative longwave 
cloud forcing at northern high latitudes, which increased incident 
solar radiation (ISR) and attenuated downwelling longwave radia-
tion (DLR) (Fig. 4). Moreover, the altered vegetation weakened the 
sensible and latent heat fluxes, reflecting the decreased surface net 
radiation (NR) (Fig. 4). As a result, in northern high- latitude land 
areas, the increased RSR and decreased DLR outweighed the effects 
of increased ISR and decreased NR, ultimately leading to cooling in 
this region (Fig. 4B). Cooling also occurred in the adjacent ocean 
due to air mass transfer and was further amplified through water va-
por, cloud, and sea ice feedbacks. In addition to cooling, warming 
occurred in northeastern Eurasia due to vegetation feedbacks (Fig. 
3E), primarily resulting from the decreased RSR related to the re-
duced surface albedo caused by the southward shift of needleleaf 
trees (fig. S9).

When we compare our dynamic vegetation simulations for paleogeo-
graphic change and atmospheric CO2 decline, we find that vegetation 
feedbacks due to paleogeographic change [(LM280veg − MM280veg) − 
(LM280 − MM280)] induced more cooling at northern high latitudes 
than did the vegetation feedbacks due to atmospheric CO2 decline 
[(MM280veg − MM700veg) − (MM280 − MM700)] (Fig. 4, C versus 
D). Owing to large- scale cooling and drying forced by atmospheric CO2 
decline (Fig. 3, A and B), there was a southward shift in needleleaf trees 
at northern high latitudes and a decrease in broadleaf trees at northern 
middle latitudes (fig. S7). As a result of these changes in vegetation and 
surface albedo, the RSR increased and, in turn, caused the cooling expe-
rienced at northern high latitudes (Fig. 4C). In comparison, the vegeta-
tion feedbacks due to paleogeographic change induced more cooling at 
northern high latitudes, which was related not only to the increased RSR 
(Fig. 4D) caused by the increased surface albedo but also to the decreased 
DLR (Fig. 4D) driven by the decreased longwave cloud forcing.

Why did a change in paleogeography lead to the southward migra-
tion of needleleaf trees at northern high latitudes? The paleogeograph-
ic changes used as model boundary conditions included changes in 
topography and seaways. The increased topographic height resulted in 
regional cooling due to the effects of the temperature lapse rate, such as 
that in the Tibetan Plateau and Antarctic (fig. S6). However, this cool-
ing was not widespread at northern high latitudes. Thus, cooling at 
northern high latitudes was not determined by changes in the topog-
raphy. We found that the simulated SSTs driven by paleogeography 

Fig. 4. Latitudinally averaged radiation and SAT anomalies. the latitudinally averaged distributions of annual anomalies at the 5° scale in downwelling longwave ra-
diation (dlR), incident solar radiation (iSR), reflected solar radiation (−RSR), surface net radiation (−nR; including sensible heat flux, latent heat flux, and ground heat flux), 
and SAt due to (A) combined paleogeographic change and atmospheric cO2 decline with static prescribed vegetation (lM280 − MM700); vegetation feedback response 
to (B) combined effects of paleogeographic change and atmospheric cO2 decline [(lM280veg − MM700veg) − (lM280 − MM700)], (C) atmospheric cO2 decline [(MM28
0veg − MM700veg) − (MM280 − MM700)], and (D) paleogeographic change [(lM280veg − MM280veg) − (lM280 − MM280)].
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generally decreased in most of the Northern Hemisphere but increased 
in the Southern Hemisphere (fig. S2B), demonstrating that ocean sur-
face heat decreased in the Northern Hemisphere but increased in the 
Southern Hemisphere.

These SST changes caused by paleogeography were closely related 
to the varied ocean circulation. In the middle Miocene, the simulated 
Pacific meridional overturning circulation (PMOC) was strong, and 
the Atlantic meridional overturning circulation (AMOC) was weak 
(fig. S11). In comparison, the PMOC was largely reduced, and the 
AMOC developed instead in the late Miocene (fig. S11). In LM280 
compared to MM280, the deep convection was intensified in the 
Southern Ocean while reduced in the North Pacific (fig. S12). These 
simulated AMOC and PMOC from the middle to late Miocene seem 
consistent with geological records, particularly a developing stage of 
the AMOC during the late Miocene (12 to 9 Ma) (46, 47) and a pos-
sible weak state of the PMOC during the middle Miocene compared 
with the nonexistent state during the late Miocene (46). The bound-
ary conditions considered here from the middle to late Miocene in-
cluded changes in paleogeography, atmospheric CO2, and the 
Antarctic ice sheet. Our simulations indicate that the weakened 
PMOC from the middle to late Miocene was due mainly to changes 
in paleogeography rather than a decrease in atmospheric CO2 (fig. 
S11). The sensitivity experiment of the changed topography and Ant-
arctic ice sheet also revealed slight changes in the PMOC and AMOC 
(fig. S11), thereby implying the important impacts of interocean 
gateways on modulating the meridional overturning circulation. 
Moreover, the changed interocean gateways mainly occurred at 

low latitudes (34), including the closure of the Tethyan seaway 
and the constriction of the Central American Seaway (CAS) and the 
Indonesian seaway. Previous modeling studies tend to agree that a 
strong AMOC does not exist with open tropical seaways (48, 49), 
but the PMOC possibly dominates (50). Brierley and Fedorov (49) 
reported that the closure of the CAS strengthened the AMOC.  
Tan et al. (50) recently reported that the combined opening of the 
CAS and Indonesian seaways can generate an active PMOC. Thus, the 
constriction of these tropical seaways from the middle to late Miocene 
may have weakened the PMOC, which led to the southward migra-
tion of needleleaf trees through cooling and accompanied drying at 
northern high latitudes. Note that the weakened PMOC during the 
late Miocene is rarely observed in previous Miocene climate modeling 
perhaps because of the difference in the boundary conditions used 
compared to those in our study. We used recently reconstructed pa-
leogeographies for the middle Miocene (∼14 Ma) and late Miocene 
(∼6 Ma) (34), and, therefore, this result remains to be verified by 
other models with the same boundary conditions.

In addition to temperature changes, vegetation feedbacks due to 
paleogeographic change also generally contributed more to precipi-
tation changes than did the vegetation feedbacks due to atmospher-
ic CO2 decline (fig. S13). We further decomposed the physical 
processes that controlled precipitation changes due to vegetation 
feedbacks using the moisture budget equation. In most regions with 
distinct changes in precipitation due to vegetation feedbacks, the 
dynamic component of vertical moisture advection generally con-
tributed more to precipitation changes. The exception was North 

Fig. 5. Schematic diagram of the effects of vegetation feedbacks at northern high latitudes. vegetation feedbacks enhanced northern high- latitude cooling through 
direct vegetation- driven surface albedo changes and indirect water vapor and cloud radiative feedbacks. the symbols + and − denote the increase and decrease in the 
variables, respectively. PMOc, Pacific meridional overturning circulation; et, evapotranspiration; lh, latent heat; Sh, sensible heat; RSR, reflected solar radiation; dlR, 
downwelling longwave radiation; iSR, incident solar radiation; nR, net radiation.
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America, in which the thermodynamic component of horizontal 
moisture advection contributed more to the changes in precipita-
tion. At low-  and mid- latitude continents, changes in atmospheric 
circulation, rather than evaporation and atmospheric water vapor 
content, generally dominated the changes in precipitation induced 
by vegetation feedbacks.

Our study emphasizes the climate effects from paleogeographic 
changes and vegetation feedbacks during the late Miocene. In addi-
tion to the decline in atmospheric CO2, the climate at northern high 
latitudes could have been distinctly affected by paleogeographic 
changes through varied ocean circulation. Moreover, vegetation feed-
backs accelerated cooling at northern high latitudes, which was even 
comparable to the combined effects of the atmospheric CO2 decline 
and paleogeographic change. The effect of vegetation feedbacks thus 
cannot be ignored. Therefore, paleogeographic change and vegetation 
feedbacks were likely important factors for cooling at northern high 
latitudes during the late Miocene, providing additional important 
mechanisms to constrain the cold environment at northern high lati-
tudes and promote the beginning of ice sheet formation in Greenland.

Using a compilation of proxy data and model results, the climate 
from the middle to late Miocene and the underlying mechanism 
were investigated here in detail. Our results distinguished the distinct 
effects from the atmospheric CO2 decline, paleogeographic change, 
and vegetation feedbacks. Previously overlooked vegetation feed-
backs were an important factor that accelerated the late Miocene cli-
mate transition. Note that uncertainties remain in the paleogeography 
used, especially the depths of major seaways, paleobathymetry, and 
land- sea distribution surrounding the Arctic and paleoaltimetric re-
constructions in high- elevation regions (34). Although uncertainties 
remain, both our model results and geological records reveal greater 
cooling at northern high latitudes and large- scale drying climates 
with some regional wet trends. Our model results were generally 
consistent with those of previous modeling studies, including Mio-
cene global warmth (25, 35), regional (such as Asia and North Africa) 
climate evolution during the late Miocene (20, 43), and effects from 
vegetation changes on northern high- latitude temperatures and low-  
and mid- latitude continental hydrological cycles (24, 25, 27). These 
qualitative consistencies support our conclusions.

MATERIALS AND METHODS
Data
We collect global precipitation data with 121 qualitative data points 
and 96 quantitative data points derived from the literature (table 
S3). The data are partly available from the PANGAEA database (51), 
the National Oceanic and Atmospheric Administration paleoclima-
tology database (52), and other synthesized data (23). Many quanti-
tative precipitation data come from the coexistence approach, which 
is based on the nearest living relative method. This approach relies 
on the close relationship between modern and fossil plants, assum-
ing that fossil taxa have similar climatic requirements to very close 
living relatives, making it suitable for reconstructing pre- Quaternary 
climates, as pre- Quaternary plant species may differ from modern 
ones (53). We also collect data via the transfer function approach for 
paleosols (54) and fossil mammalian fauna (55). In comparison, 
qualitative data predominantly consist of various effective moisture 
proxies, including the chemical index of alteration from sediments, 
δ18O values from soil carbonate, magnetic susceptibility of loess, 
and pollen indicators for vegetation changes (23).

To accurately determine the average hydroclimate signal, priority 
is given to data with a longer time span of the middle and late Mio-
cene. Data with shorter time spans (e.g., less than 1 Ma) are excluded 
to minimize the effects of climate variability over a smaller timescale. 
Specifically, quantitative data primarily originate from reliable data-
bases or synthesis datasets, whereas qualitative data are derived from 
individual sampling points or integrated climate curves across mul-
tiple points within a region. Integrated climate curves include at least 
three reliable age control points: one after the mid- Miocene, one 
around the early Tortonian period, and one before the early Pliocene. 
By comparing the climate states in the middle and late Miocene, the 
precipitation changes can be categorized into three states: dry, wet, 
and unchanged. In the absence of direct comparisons between the 
two periods, we selected near locations, with most comparable points 
having an average latitude and longitude deviation of within 1.5°. For 
sampling points lacking latitude and longitude coordinates in the 
original study, we verified their locations via Google Maps.

Models
CESM 1.2.2, developed at the National Center for Atmospheric Re-
search, consists of atmosphere, land, sea ice, ocean, and river sys-
tems (56). The Community Atmosphere Model version 4 (CAM4) is 
used here as the atmospheric component and runs with a finite- 
volume dynamical core (57). The land component, Community 
Land Model version 4 (CLM4), includes processes associated with 
snow, water storage, vegetation, etc. (58). All simulations are run 
with the f19_g16 configuration, in which CAM4 and CLM4 have a 
horizontal resolution of ~1.9° (latitude) × 2.5° (longitude), and the 
ocean component (Parallel Ocean Program ocean model version 2) 
(59) and sea ice component (Community Ice CodE version 4.0) (60) 
have a horizontal resolution of ~1° (384 ×  320 grid points in the 
meridional and zonal directions, respectively). The atmosphere and 
ocean components have 26 and 60 layers in the vertical direction, 
respectively. In CLM4, multiple land surface types and plant func-
tional types are contained within one grid, and CLM4 can be run in 
the prognostic carbon–nitrogen (CN) model with dynamic vegeta-
tion (CNDV) to simulate natural vegetation. However, owing to the 
simulated biases of CNDV (61), we use BIOME4 (62) to simulate 
the vegetation adapted to the climate.

BIOME4 is an equilibrium biogeography model (62) that is widely 
used in simulations of equilibrated vegetation in past and future 
climate projections (63). It simulates 28 biomes at a horizontal reso-
lution of 0.5° latitude by 0.5° longitude and uses the different bio-
climatic limits (temperature resistance, moisture requirements, and 
sunshine amount) among plant functional types to simulate the po-
tential natural vegetation of a given climate.

Experimental design
For the boundary conditions, we use middle Miocene (∼14 Ma) and 
late Miocene (∼6 Ma) paleogeographies (fig. S5) (34), which use a 
published plate kinematic model, oceanic lithospheric paleo- ages, 
and oceanic sediment thicknesses and incorporate global fossil re-
cords, stratigraphy, lithofacies, paleoenvironment, and paleoeleva-
tion data. Moreover, we use the modified paleovegetation from the 
proxy- based reconstruction of the Tortonian (64) with full ice cover 
in Antarctica for the late Miocene and the same paleovegetation but 
less ice cover in Antarctica for the middle Miocene according to 
the reconstruction for the middle Miocene (65). Except for paleo-
geography, vegetation/ice sheets, and atmospheric CO2, we keep the 
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other boundary conditions unchanged, such as the solar constant 
(1365 W/m2), preindustrial atmospheric CH4 and N2O (760 and 
270 parts per billion by volume, respectively), zero concentration of 
chlorofluorocarbons, and modern orbital parameters (1950 CE).

We conduct seven experiments in total (Table 1). According to the 
atmospheric CO2 concentration during the middle Miocene (21, 66), 
the MM700 experiment was conducted with middle Miocene paleo-
geography (34), vegetation/ice sheet (64,  65), and an atmospheric 
CO2 concentration of 700 parts per million by volume (ppmv). Ex-
periment MM280 has the same settings as experiment MM700, ex-
cept for a low atmospheric CO2 concentration (280 ppmv), according 
to the level of atmospheric CO2 concentration during the late Mio-
cene (21, 66). In comparison, the LM280 experiment is conducted 
with late Miocene paleogeography (34), vegetation/ice sheet (64), 
and an atmospheric CO2 concentration of 280 ppmv. With these 
three experiments, which use the same prescribed vegetation, we can 
compare the effects of paleogeography and the atmospheric CO2 
concentration on climate change. To further evaluate the effects of 
topographic changes, one more experiment (MM280_LMtopo) is 
conducted under the boundary conditions from MM280, but the to-
pography and ice sheet are replaced with conditions from LM280.

Three additional experiments (MM700veg, MM280veg, and 
LM280veg) are conducted to simulate how the vegetation changes 
as a result of the paleogeographic and atmospheric CO2 constraints 
and to investigate the corresponding climate effects of those changes. 
These experiments apply the same settings as the MM700, MM280, 
and LM280 experiments, except for the use of dynamic vegeta-
tion through asymmetric coupling between CESM and BIOME4 to 
consider interactions between vegetation and climate. Specifically, 
monthly precipitation, temperature, and percent sunshine data from 
the last 10 years of simulation by the CESM and atmospheric CO2 
concentration are used as input parameters in BIOME4 to obtain 
the distributions of 28 biomes. The simulated vegetation distribu-
tion is then used to create surface data to force the next 40 years 
of simulation of the CESM. Coupling between CESM and BIOME4 
is performed every 40 years until the simulations reach the quasi- 
equilibrium status.

The MM700, MM280, and LM280 experiments are initialized 
from a static ocean that uses Levitus temperature and salinity pro-
files and run for 2200 or 2500 model years. Experiment MM280_
LMtopo is initialized from the end of experiment MM280 and runs 
for 500 model years. The MM700veg, MM280veg, and LM280veg 
experiments are initialized from the end of the MM700, MM280, 
and LM280 experiments, respectively, and run for 600 model years. 
From the temporal evolution of the annual global mean SAT and 
top of the atmosphere (TOA) radiation imbalance in each experi-
ment (fig. S14), all experiments have reached quasi- equilibrium sta-
tus. In particular, the TOA radiation imbalance averaged over the 
last 100 model years is less than 0.1 W m−2, and the global mean 
SAT trend is less than 0.1°C per century (Table 1). Thus, we focus on 
analyzing the climatological means of the last 100 model years in 
each experiment above.

The effects of combined paleogeographic change and atmospheric 
CO2 decline with static prescribed vegetation: LM280 − MM700. The 
effect of atmospheric CO2 decline with static prescribed vegetation: 
MM280 − MM700. The effect of paleogeographic change with static 
prescribed vegetation: LM280 − MM280. The effect of vegetation feed-
backs from changes in both paleogeography and atmospheric CO2: 

(LM280veg − MM700veg) −  (LM280 − MM700). The effect of 
vegetation feedbacks from atmospheric CO2 decline: (MM280veg − 
MM700veg) − (MM280 − MM700). The effect of vegetation feedbacks 
from paleogeographic change: (LM280veg − MM280veg) − (LM280 −  
MM280).

Analysis
Energy components for temperature
The surface NR 

(
QN

)
 is a budget composed of ISR 

(
QIS

)
, RSR 

(
QRS

)
 

that depends on the land surface albedo (α), DLR 
(
QDL

)
, and long-

wave radiation emitted from the land surface 
(
QEL

)

The available NR is used for the phase change of water in the 
form of latent heat (LE), changing the air temperature in the form 
of sensible heat (SH), and subsurface heat in the form of ground 
heat (GH)

In accordance with the Stefan- Boltzmann law, the surface tem-
perature is determined by the radiation emitted by the land surface

Therefore, surface temperature is determined by the budgets of 
ISR, albedo, DLR, and sensible, latent, and ground heat fluxes.
Moisture budget analysis
The moisture budget analysis was performed following previously 
reported methods (67). The following equation is commonly used to 
estimate changes in precipitation

P represents precipitation; E represents evaporation; v represents 
horizontal velocity; q represents specific humidity; ′ represents the 
difference between two experiments; and ⟨ ⟩ represents the column 
integration from the surface to 100 hPa. The residual term δ includes 
transient eddies and nonlinear effects and is relatively small and ne-
glected here.

With the assumption that the pressure velocity ω is zero at the 
surface and at tropopause, the above equation can be rewritten as

Both vertical moisture advection 
(
−
⟨
ω �pq

⟩�
)

 and horizontal 
moisture advection (−⟨v ⋅∇q⟩�) can be divided into thermodynamic 
and dynamic components, and the moisture budget equation has 
the following reformed equation

The terms −
⟨
ω �pq

�
⟩

 and −
⟨
ω�

�pq
⟩

 are related to the thermody-
namic and dynamic components of vertical moisture advection, re-
spectively. The terms −⟨v ⋅∇q�⟩ and −⟨v� ⋅∇q⟩ are related to the 
thermodynamic and dynamic components of horizontal moisture 
advection, respectively.

QN = QIS − QRS + QDL − QEL (1)

= QIS(1−α) + QDL − QEL (2)

QN = SH + LE + GH (3)

σT4=QEL=QIS(1−α)+Q
DL−(SH+LE+GH) (4)

P� ≈E� −⟨∇ ⋅vq⟩� +δ

≈E� −⟨q∇ ⋅v⟩� −⟨v ⋅∇q⟩�
(5)

P� ≈ E� −
�
ω �pq

��
− ⟨v ⋅∇q⟩� (6)

P� ≈E� −
⟨
ω �pq

�
⟩
−
⟨
ω�

�pq
⟩
−
⟨
v ⋅∇q�

⟩
−
⟨
v� ⋅∇q

⟩
(7)
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