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Even cooler insights: On the power of forests to (water the 
Earth and) cool the planet
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Abstract

�"�1�b�;�m�|�b�=�b�1 �b�m�m�o�ˆ�-�|�b�o�m �b�v �o�ˆ�;�u�|�†�u�m�b�m�] �1�o�m�ˆ�;�m�|�b�o�m�-�t �r�-�u�-�7�b�]�l�v �o�= �=�o�u�;�v�|�7 �‰�-�|�;�u�7 �-�m�7 �;�m�J

ergy cycle interactions. This has implications for our understanding of the principal 

�1�-�†�v�-�t �r�-�|�_�‰�-�‹�v �0�‹ �‰�_�b�1�_ �|�u�;�;�7 �=�o�u�;�v�|�7 �-�m�7 �ˆ�;�]�;�|�-�|�b�o�m �1�o�ˆ�;�u �P�$�
�(���Q �b�m�=�t�†�;�m�1�; �t�o�1�-�t 

and global warming/cooling. Many identify surface albedo and carbon sequestration as 

the principal causal pathways by which TFVC affects global warming/cooling. Moving 

toward the outer latitudes, in particular, where snow cover is more important, surface 

albedo effects are perceived to overpower carbon sequestration. By raising surface 

albedo, deforestation is thus predicted to lead to surface cooling, while increasing 

forest cover is assumed to result in warming. Observational data, however, gener�J

ally support the opposite conclusion, suggesting surface albedo is poorly understood. 

Most accept that surface temperatures are influenced by the interplay of surface al�J

�0�;�7�o�7 �b�m�1�o�l�b�m�] �v�_�o�u�|�‰�-�ˆ�; �P�"�)�Q �u�-�7�b�-�|�b�o�m�7 �-�m�7 �|�_�; �r�-�u�|�b�|�b�o�m�b�m�] �o�= �|�_�; �u�;�l�-�b�m�b�m�]�7 post-

albedo�7 �"�)  �u�-�7�b�-�|�b�o�m �b�m�|�o �t�-�|�;�m�| �-�m�7 �v�;�m�v�b�0�t�; �_�;�-�|�: ���o�‰�;�ˆ�;�u�7 �|�_�; �;�Š�|�;�m�| �|�o �‰�_�b�1�_ �|�_�; 

avoidance of sensible heat formation is first and foremost mediated by the presence 

�P�-�0�v�;�m�1�;�Q �o�= �‰�-�|�;�u �-�m�7 �$�
�(�� �b�v �m�o�| �‰�;�t�t �†�m�7�;�u�v�|�o�o�7�: �$�
�(�� �0�o�|�_ �l�;�7�b�-�|�;�v �|�_�; �-�ˆ�-�b�t�J

ability of water on the land surface and drives the potential for latent heat production 

�P�;�ˆ�-�r�o�|�u�-�m�v�r�b�u�-�|�b�o�m�7 ���$�Q�: �)�_�b�t�; �t�-�|�;�m�| �_�;�-�| �b�v �l�o�u�; �7�b�u�;�1�|�t�‹ �t�b�m�h�;�7 �|�o local than global 

cooling/warming, it is driven by photosynthesis and carbon sequestration and powers 

�-�7�7�b�|�b�o�m�-�t �1�t�o�†�7 �=�o�u�l�-�|�b�o�m �-�m�7 �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹�7 �0�o�|�_ �o�= �‰�_�b�1�_ �7�u�b�ˆ�; �]�t�o�0�-�t 

cooling. TFVC loss reduces water storage, precipitation recycling, and downwind rain�J

�=�-�t�t �r�o�|�;�m�|�b�-�t�7 �|�_�†�v �7�u�b�ˆ�b�m�] �|�_�; �u�;�7�†�1�|�b�o�m �o�= �0�o�|�_ ���$ �P�t�-�|�;�m�| �_�;�-�|�Q �-�m�7 �1�t�o�†�7 �=�o�u�l�-�|�b�o�m�: 

By reducing latent heat, cloud formation, and precipitation, deforestation thus pow �J

�;�u�v �‰�-�u�l�b�m�] �P�v�;�m�v�b�0�t�; �_�;�-�| �=�o�u�l�-�|�b�o�m�Q�7 �‰�_�b�1�_ �=�†�u�|�_�;�u �7�b�l�b�m�b�v�_�;�v �$�
�(�� �]�u�o�‰�|�_ �P�1�-�u�0�o�m 

�v�;�t�†�;�v�|�u�-�|�b�o�m�Q�: ���-�u�]�;�J�v�1�-�t�; �|�u�;�; �-�m�7 �=�o�u�;�v�| �u�;�v�|�o�u�-�|�b�o�m �1�o�†�t�7�7 �|�_�;�u�;�=�o�u�;�7 �1�o�m�|�u�b�0�†�|�; 

significantly to both global and surface temperature cooling through the principal 

causal pathways of carbon sequestration and cloud formation.

K E Y W O R D S

boreal, carbon, clouds, deforestation, forest cooling, latent heat, latitude, planetary 
boundaries, reforestation, restoration, solar radiation, surface albedo, surface temperature, 
temperate, tropics
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� • �J| �J � � � � �$ � ! � � � 	 �& � � �$� � � � � �

�$�_�; �1�o�m�|�u�b�0�†�|�b�o�m�v �o�= �|�u�;�;�7 �=�o�u�;�v�|�7 �-�m�7 �ˆ�;�]�;�|�-�|�b�o�m �1�o�ˆ�;�u �P�$�
�(���Q �|�o 

watering the Earth through the dynamics of infiltration and ground �J

water recharge, water storage on the land surface, rainfall triggering, 

precipitation recycling, and the regulation of the geographical distri�J

bution of precious water resources are increasingly well understood 

�P���u�;�;�7 �_ �ˆ�-�m ���o�o�u�7�‰�b�f�h�7 2018�8 �	�-�7�- �;�| �-�t�:�7 2023; Ellison et al., 2012, 

2017, 2019�8 ���o�;�h �ˆ�-�m �	�b�f�h�; �;�| �-�t�:�7 2022; Keys et al., 2019; Makarieva 

et  al.,  2022; Meier et  al.,  2021; Morris,  2018; Morris et  al.,  2014; 

�"�_�;�b�t �_ ���†�u�7�b�‹�-�u�v�o�7 2009; Tanika et al., 2023�Q�: �$�_�o�†�]�_ �_�b�]�_�t�‹ �ˆ�-�u�b�J

�-�0�t�; �b�m �|�_�; �l�-�]�m�b�|�†�7�; �o�= �|�_�;�b�u �u�;�v�r�;�1�|�b�ˆ�; �1�o�m�|�u�b�0�†�|�b�o�m�v �-�m�7 �;�Š�r�u�;�v�v�t�‹ 

subject to human modification via land use conversion, TFVC pro�J

�7�†�1�; �ˆ�-�u�‹�b�m�] �l�-�]�m�b�|�†�7�;�v �o�= �;�ˆ�-�r�o�|�u�-�m�v�r�b�u�-�|�b�o�m �P���$�Q �P�|�_�; �|�o�|�-�t 

amount of stomatal transpiration�S+�Sevaporation from leaf, bark, and 

soil surfaces, typically referred to as evapotranspiration�Q�7 �;�m�1�o�†�u�-�]�; 

infiltration and groundwater recharge, and promote the potential 

for precipitation recycling across the land surface. The flip side of 

this watering the Earth phenomenon, however, that is, the ability of 

TFVC to cool the planet�7 �u�;�l�-�b�m�v �l�o�u�; �_�o�|�t�‹ �1�o�m�|�;�v�|�;�7 �P���-�m�J�)�;�b�v�v 

et al., 2011; Bright et al., 2017�8 �	�-�ˆ�b�m �_ �7�; ���o�0�t�;�|�J�	�†�1�o�†�7�u�Ð�7 2010; 

�	�†�ˆ�;�b�t�t�;�u �;�| �-�t�:�7 2021; Lawrence et  al.,  2022�8 �"�† �;�| �-�t�:�7 2023; 

�)�b�m�7�b�v�1�_ �;�| �-�t�:�7 2021�Q�: ���u�b�;�=�t�‹ �_�b�]�_�t�b�]�_�|�;�7 �b�m �- �r�u�;�ˆ�b�o�†�v �r�†�0�t�b�1�-�|�b�o�m 

(Ellison et al., 2017�Q�7 �|�_�; �1�†�u�u�;�m�| �r�-�r�;�u �b�7�;�m�|�b�=�b�;�v �|�_�; �1�-�†�v�-�t �r�-�|�_�‰�-�‹�v 

by which TFVC affects the climate; carbon sequestration (and respi-

ration), surface albedo effects, latent heat production (evapotranspira-

tion�Q�7 �-�m�7 cloud formation�7 �-�m�7 �;�Š�r�t�b�1�b�|�t�‹ �t�b�m�h�v �|�_�;�v�; �1�-�†�v�-�t �r�-�|�_�‰�-�‹�v 

with their surface temperature and climate impacts.

�"�b�m�1�; �_�†�l�-�m �1�-�r�-�1�b�|�‹ �|�o �‰�b�|�_�v�|�-�m�7 �v�o�t�-�u �u�-�7�b�-�|�b�o�m �b�v �0�†�=�=�;�u�;�7 

�0�‹ �|�_�; �$�
�(���J�u�;�t�-�|�;�7 �-�t�0�;�7�o �-�m�7 �t�-�|�;�m�| �_�;�-�| �b�l�r�-�1�| �o�m �v�†�u�=�-�1�; �|�;�l �J

peratures, average change in temperature is typically measured at 

�|�_�; �r�t�-�m�;�|�]�v �v�†�u�=�-�1�; �P�!�o�_�7�; �_ ���-�†�v�=�-�|�_�;�u�7 2020�Q�: ���†�l�-�m �‰�;�t�=�-�u�; 

�b�l�r�-�1�|�v �-�t�o�m�; �l�-�‹  �|�_�†�v �;�Š�r�t�-�b�m �‰�_�‹ �|�_�; �-�v�v�;�v�v�l�;�m�| �o�= �1�t�b�l�-�|�; �b�v 

primarily viewed through the lens of change in average, terres�J

trial, surface �|�;�l�r�;�u�-�|�†�u�;�v �P�v�;�;�7 �;�:�]�:�7 �!�o�_�7�; �_ ���-�†�v�=�-�|�_�;�u�7 2020; 

Trenberth, 2022�Q�: ���o�‰�;�ˆ�;�u�7 �v�b�m�1�; �1�_�-�m�]�;�v �b�m �v�†�u�=�-�1�; �|�;�l�r�;�u�-�|�†�u�;�v 

can be affected by more than just climate change, climate assess�J

ments based on surface temperature diagnostics are substantively 

�l�o�u�; �-�l�0�b�]�†�o�†�v�: �"�†�1�_ �l�;�-�v�†�u�;�l�;�m�|�v �;�-�v�b�t�‹ �1�o�m�=�t�-�|�; �]�t�o�0�-�t �‰�-�u�l�J

ing/cooling with other impacts on temperature. Thus, a strategy 

capable of carefully distinguishing the different pathways by which 

TFVC can influence surface temperature differences, on the one 

hand, and TFVC factors that influence climate change on the other. 

�� �l�o�u�; �7�b�v�-�]�]�u�;�]�-�|�;�7 �-�1�1�o�†�m�| �o�= �|�_�; �r�u�b�m�1�b�r�-�t �$�
�(�� �1�-�†�v�-�t �r�-�|�_�J

ways may help to better clarify the different types of direct (on 

�]�t�o�0�-�t �1�t�b�l�-�|�;�Q �-�m�7 indirect (on temperature and potentially on cli�J

�l�-�|�;�Q �;�=�=�;�1�|�v�:

The analysis herein assesses the multiple causal pathways by 

which TFVC affects local and global warming/cooling and raises 

questions regarding “change in surface temperature” as the most ap�J

�r�u�o�r�u�b�-�|�; �7�b�-�]�m�o�v�|�b�1 �l�;�|�u�b�1 �=�o�u �†�m�7�;�u�v�|�-�m�7�b�m�] �$�
�(���J�u�;�t�-�|�;�7 �]�t�o�0�-�t 

�‰�-�u�l�b�m�] �-�m�7 �1�t�b�l�-�|�; �1�_�-�m�]�; �b�l�r�-�1�|�v�: �)�;  �;�l�r�t�o�‹ �|�‰�o �-�t�|�;�u�m�-�|�b�ˆ�; 

diagnostic criteria to assess the causal pathways by which TFVC 

effects are linked to impacts on temperature and the Earth's Energy 

���l�0�-�t�-�m�1�;  �P�������Q  �P�$�u�;�m�0�;�u�|�_�7  2022�Q�L�-�|�l�o�v�r�_�;�u�b�1 �1�-�u�0�o�m �7�b�o�Š�b�7�; 

(CO2�Q �-�m�7 �]�u�;�;�m�_�o�†�v�; �]�-�v�;�v �P�������v�Q �1�o�m�1�;�m�|�u�-�|�b�o�m�v�7 �-�m�7 �]�t�o�0�-�t �;�m�J

�;�u�]�‹ �0�†�7�]�;�| �=�t�†�Š�;�v�: �$�_�;�v�; �-�t�|�;�u�m�-�|�b�ˆ�; �7�b�-�]�m�o�v�|�b�1�v �r�u�o�ˆ�b�7�; �- �l�o�u�; 

nuanced view of how different TFVC causal pathways affect both 

�|�;�l�r�;�u�-�|�†�u�; �-�m�7 �|�_�; ������ �-�m�7 �|�_�†�v �b�l�r�u�o�ˆ�; �o�†�u �h�m�o�‰�t�;�7�]�; �o�= �‰�_�-�| 

TFVC effects mean for global warming and climate change.

�$�_�; �$�
�(��  �7�u�b�ˆ�;�u�v �o�= �1�_�-�m�]�; �b�m �|�_�; ������ �o�r�;�u�-�|�; �|�_�u�o�†�]�_ largely 

independent, but often mutually reinforcing  � 1� -� †� v� -� t  � r� -� |� _� ‰� -� ‹� v� :  � �� m  � |� _� ; 

�0�u�o�-�7�;�u �t�b�|�;�u�-�|�†�u�;�7 �|�_�; �-�m�-�t�‹�Œ�;�7 �l�b�Š �o�= �1�-�†�v�-�t �r�-�|�_�‰�-�‹�v �ˆ�-�u�b�;�v �b�l�J

portantly from study to study and individual impacts are frequently 

debated. Thus, precise estimates of the multiple causal pathways by 

which TFVC affects either surface temperature, climate, or both are 

frequently missing. Moreover, the effects of ET and cloud formation 

are frequently underestimated or entirely neglected and, for several 

reasons, may be the largest, most important outlier. To live up to their 

name, net effect models need to consider the combined effects of all 

�u�;�t�;�ˆ�-�m�| �1�-�†�v�-�t �r�-�|�_�‰�-�‹�v�: ��  �1�o�l�r�-�u�-�|�b�ˆ�;�t�‹ �v�l�-�t�t �m�†�l�0�;�u �o�= �r�-�r�;�u�v 

�_�-�ˆ�;�7 �_�o�‰�;�ˆ�;�u�7 �l�o�u�; �v�|�u�o�m�]�t�‹ �;�l�r�_�-�v�b�Œ�;�7 �|�_�; �u�o�t�;�v �o�= �0�o�|�_ ���$ �-�m�7 

�1�t�o�†�7 �1�o�ˆ�;�u �-�m�7 �1�o�l�; �|�o �l�-�u�h�;�7�t�‹ �7�b�=�=�;�u�;�m�| �1�o�m�1�t�†�v�b�o�m�v �P���-�m�J�)�;�b�v�v 

et al., 2011�8 �	�†�ˆ�;�b�t�t�;�u �;�| �-�t�:�7 2021; Xu et al., 2022; Zeng et al., 2017�Q�:

Most findings, however, suggest that, as one moves toward the 

outer latitudes, TFVC surface albedo effects begin to overpower 

forest cooling impacts (carbon sequestration�Q�7 �t�;�-�7�b�m�] �|�o �b�m�1�u�;�-�v�;�7 

�‰�-�u�l�b�m�]�: �)�_�b�t�; �u�;�=�o�u�;�v�|�-�|�b�o�m �b�v �|�_�†�v �=�-�ˆ�o�u�;�7 �b�m �|�_�; �|�u�o�r�b�1�v�7 �u�;�1�o�l�J

�l�;�m�7�-�|�b�o�m�v �|�o �>�7�;�J�r�u�b�o�u�b�|�b�Œ�;�? �u�;�=�o�u�;�v�|�-�|�b�o�m �-�1�u�o�v�v �r�-�u�|�v �o�= �|�_�; �|�;�l �J

�r�;�u�-�|�; �0�o�u�;�-�t �Œ�o�m�;�v �P�	�-�ˆ�b�m �_ �7�; ���o�0�t�;�|�J�	�†�1�o�†�7�u�Ð�7 2010; Lawrence 

et  al., 2022�8 �)�b�m�7�b�v�1�_ �;�| �-�t�:�7 2021�Q �u�;�r�u�;�v�;�m�| �- �r�o�|�;�m�|�b�-�t �1�-�†�v�; �=�o�u 

�1�o�m�1�;�u�m�: �)�;  �_�b�]�_�t�b�]�_�| �_�;�u�;�b�m �|�_�-�| �|�_�; �b�m�|�;�u�r�t�-�‹ �o�= �$�
�(�� �‰�b�|�_ �v�†�u�=�-�1�; 

�-�t�0�;�7�o �-�m�7 �|�_�; �t�-�|�;�m�| �-�m�7 �v�;�m�v�b�0�t�; �_�;�-�| �=�t�†�Š�;�v �b�v �r�o�o�u�t�‹ �†�m�7�;�u�v�|�o�o�7�: 

���o�m�ˆ�;�u�v�b�o�m �o�= �b�m�1�o�l�b�m�] �"�)  �u�-�7�b�-�|�b�o�m �|�o �v�;�m�v�b�0�t�; �_�;�-�| �b�v �=�b�u�v�| �-�m�7 

foremost avoided by the availability of water and latent heat produc �J

tion potential. On land surfaces, TFVC drives the storage, circula�J

tion, and geographic distribution of water resources. Moreover, the 

�;�Š�|�;�m�| �-�m�7 �b�m�|�;�m�v�b�|�‹ �o�= �t�-�|�;�m�| �_�;�-�| �r�u�o�7�†�1�|�b�o�m �b�v �t�-�u�]�;�t�‹ �- �0�‹�J�r�u�o�7�†�1�| 

�o�= �|�_�; �;�Š�|�;�m�| �-�m�7 �]�;�o�]�u�-�r�_�b�1 �7�b�v�|�u�b�0�†�|�b�o�m �o�= �$�
�(���:

�)�;  �0�;�]�b�m �‰�b�|�_ �;�v�|�b�l�-�|�;�v �o�= �|�_�; �=�o�u�;�v�| �u�o�t�; �b�m �-�|�l�o�v�r�_�;�u�b�1 ���� 2 

�1�o�m�1�;�m�|�u�-�|�b�o�m�v �-�m�7 �|�_�; �������: �)�;  �|�_�;�m �7�;�|�-�b�t �|�_�; �1�o�l�r�t�;�Š�b�|�b�;�v �o�= �|�_�; 

�v�†�u�=�-�1�; �-�t�0�;�7�o �-�m�7 �|�_�; �t�-�|�;�m�| �-�m�7 �v�;�m�v�b�0�t�; �_�;�-�| �=�t�†�Š�;�v�: �)�;  �‰�u�-�r �†�r 

with a reflective analysis of latitude effects and conclude by sug�J

gesting that TFVC restoration presents a very real opportunity for 

addressing the climate challenge.

� ‘ �J | �J �$� 
 � (� � � � � � � � �&�" � � � � � � � �� ��$ � � � )� ��+�" � � � � � � � 	 � � �$ � � � �� �
� � � � � � �9 � � � � � ��$ � � � ! � � � ��$ � � � ( � � � � � � � " � " � � � " � " � � � � � � �$ � � � � � ! � � �$ � � � ! � � � �

�‘�:�•�J|�J ���|�l�o�v�r�_�;�u�b�1������2 concentrations and the 
carbon drawdown

One alternative and potentially more reliable way to think about the 

������ �b�v �ˆ�b�- �|�_�; �u�b�v�; �o�= �_�;�-�| �|�u�-�r�r�b�m�] �-�m�7 �-�|�l�o�v�r�_�;�u�b�1 ���� 2 concentra�J

tions (Figure  1�Q�: ���m �1�o�m�|�u�-�v�| �|�o �|�_�; �;�-�v�b�t�‹ �1�o�m�=�o�†�m�7�;�7 �l�;�-�v�†�u�; �o�= 
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�J�M�J |�J �’���o�=���‘�•ELLISON ET AL.

surface temperature change, change in atmospheric CO2 concentra�J

tions provides a comparatively more direct measure of one of the 

�r�u�b�m�1�b�r�-�t �7�u�b�ˆ�;�u�v �o�= �1�_�-�m�]�; �b�m �|�_�; �������:

The annual CO2 drawdown from the atmosphere by TFVC is 

�7�u�b�ˆ�;�m �0�‹ �|�_�; �]�u�o�‰�b�m�] �v�;�-�v�o�m�]�v �0�b�m�7�b�m�] �o�= �1�-�u�0�o�m �-�m�7 �u�;�t�;�-�v�; �o�= �o�Š�J

ygen to produce living biomass. The combined TFVC and oceanic 

�7�u�-�‰�7�o�‰�m �_�-�v �0�;�;�m �1�o�m�v�b�v�|�;�m�|�t�‹ �u�;�1�o�u�7�;�7 �-�| �-�r�r�u�o�Š�b�l�-�|�;�t�‹ � �́•�S�r�r�l 

per annum. The amplitude of the TFVC drawdown may be increasing 

over time, but results remain inconclusive (Piao et al., 2018�Q�: �"�b�m�1�; 

respiration from the forest floor back into the atmosphere, as well 

as the anthropogenic emissions of CO2 �-�m�7 �o�|�_�;�u �������v�7 �;�Š�1�;�;�7 �|�_�; 

�-�m�m�†�-�t �7�u�-�‰�7�o�‰�m�7 �|�_�; �_�;�-�|�J�|�u�-�r�r�b�m�] �r�o�|�;�m�|�b�-�t �o�= �-�|�l�o�v�r�_�;�u�b�1 ������ 

concentrations continuously rises. The total annual recorded draw�J

�7�o�‰�m �-�m�7 �u�;�J�;�l�b�v�v�b�o�m �b�l�0�-�t�-�m�1�; �_�-�v �]�u�o�‰�m �=�u�o�l �-�0�o�†�| + �•�:�v�‘�S�r�r�l 

�|�o �-�r�r�u�o�Š�b�l�-�|�;�t�‹ +�‘�:�’�–�S�r�r�l �r�;�u �‹�;�-�u �0�;�|�‰�;�;�m �•�–�u�• �-�m�7 �‘�•�‘�• �P�������� 

���!�u �)���� ���_�”�Q�:

���v �_�b�]�_�t�b�]�_�|�;�7 �0�‹ �|�_�; �7�b�v�-�]�]�u�;�]�-�|�;�7 ���;�;�t�b�m�] �1�†�u�ˆ�;�7 �|�_�; �]�t�o�0�-�t 

cooling effect of the carbon drawdown is direct, immediate, and un�J

�-�l�0�b�]�†�o�†�v�: ���r�-�u�| �=�u�o�l �|�_�; �u�o�t�; �o�= �o�1�;�-�m�v �‰�_�b�1�_ �-�t�v�o �-�0�v�o�u�0 �u�o�†�]�_�t�‹ 

�;�t�†�b�ˆ�-�t�;�m�| �-�l�o�†�m�|�v �o�= �1�-�u�0�o�m �7�b�o�Š�b�7�; �=�u�o�l �|�_�; �-�|�l�o�v�r�_�;�u�;�7 �=�o�u�;�v�| 

growth results in an annual drawdown of CO2 from the atmosphere 

�†�m�r�-�u�-�t�t�;�t�;�7 �0�‹ �-�m�‹ �o�|�_�;�u ���-�u�|�_ �v�‹�v�|�;�l �o�u �|�;�1�_�m�o�t�o�]�b�1�-�t �7�;�ˆ�b�1�;�: �)�_�b�t�; 

�o�|�_�;�u �=�-�1�|�o�u�v �P�r�;�u�l�-�m�;�m�1�;�7 �7�b�v�|�†�u�0�-�m�1�;�v�7 �;�|�1�:�Q �l�-�‹  �]�;�m�;�u�-�|�; �1�o�m�1�;�u�m�v 

�-�0�o�†�| �|�_�; �t�o�m�]�J�|�;�u�l �0�;�m�;�=�b�|�v �o�= �=�o�u�;�v�| �1�-�u�0�o�m�7 �|�_�; �1�t�b�l�-�|�; �b�l�r�-�1�| �o�= 

the natural carbon sequestration process itself is not in doubt.

�$�_�; �|�o�|�-�t �]�u�o�v�v �-�m�m�†�-�t �$�
�(��  �7�u�-�‰�7�o�‰�m �o�= �1�-�u�0�o�m �7�b�o�Š�b�7�; 

�-�l�o�†�m�|�v �|�o �-�r�r�u�o�Š�b�l�-�|�;�t�‹ � �́•�‘�:�”�S±�S�’�:�‘ ���|���� 2�J�;�t�S�‹�;�-�u�́ �• �P�������� ���!�u 

�)�������� ���_�•�Q�: �$�_�b�v �7�u�-�‰�7�o�‰�m �u�;�r�u�;�v�;�m�|�v �-�m �b�l�r�o�u�|�-�m�| �v�_�-�u�; �o�= �|�_�; 

total annual cooling impact of forests on the climate. The additional 

forest cover required to yield an additional annual drawdown of 

�-�r�r�u�o�Š�b�l�-�|�;�t�‹ � �́‘�:�’�–�S�r�r�l ���� 2�7 �-�m�7 �|�_�†�v �- �v�|�-�0�b�t�b�Œ�-�|�b�o�m �o�= �1�†�u�u�;�m�| 

atmospheric CO2, would have to generate an annual removal of ap�J

�r�u�o�Š�b�l�-�|�;�t�‹ �´�v�:�”�’ ���|���� 2�J�;�t�S�‹�;�-�u�́ �• (calculated based on information 

�r�u�o�ˆ�b�7�;�7 �b�m �������� ���!�u �)���� ���_�”�Q�:

���b�ˆ�;�m �|�_�-�| �-�m�m�†�-�t �7�;�=�o�u�;�v�|�-�|�b�o�m�J�u�;�t�-�|�;�7 �;�l�b�v�v�b�o�m�v �-�u�; �;�v�|�b�l�-�|�;�7 

�-�| �-�r�r�u�o�Š�b�l�-�|�;�t�‹ +�”�:�–�S±�S�“�:�• ���|���� 2�J�;�t�S�‹�;�-�u�́ �• �P�������� ���!�u �)�������� ���_�•�Q�7 

much of the additional required drawdown could be achieved by 

significantly reducing or eliminating ongoing deforestation and land 

use change. Roe et al. (2021�Q�7 �o�m �|�_�; �o�|�_�;�u �_�-�m�7�7 �;�v�|�b�l�-�|�; �|�_�; �|�o�|�-�t 

cost-effective �t�-�m�7�J�0�-�v�;�7 �l�b�|�b�]�-�|�b�o�m �r�o�|�;�m�|�b�-�t �-�| �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �´�v 

�|�o � �́•�’�:�v ���|���� 2�J�;�t�S�‹�;�-�u�́ �• . Likewise, as estimated in Table 1 below, 

�u�;�v�|�o�u�b�m�] �_�b�v�|�o�u�b�1�-�t�t�‹ �t�o�v�| �P�r�u�;�J���m�|�_�u�o�r�o�1�;�m�;�Q �$�
�(�� �‰�o�†�t�7 �-�r�r�u�o�Š�J

�b�l�-�|�;�t�‹ �-�7�7 �=�u�o�l �´�v�:�’ �|�o � �́•�’�:�v ���|���� 2�J�;�t�S�‹�;�-�u�́ �• . Moreover, TFVC 

thrives on increasing atmospheric CO2 concentrations, which have 

significantly boosted TFVC greening (Zeng et  al.,  2017�Q�: ���b�h�;�‰�b�v�; 

�u�;�v�†�t�|�b�m�] �=�u�o�l �-�0�v�o�u�0�b�m�] �;�Š�1�;�v�v�b�ˆ�; �-�l�o�†�m�|�v �o�= ���� 2, ocean acidifica�J

tion, on the other hand, is comparatively harmful to life in the oceans 

�P���o�‰�-�t�1�Œ�‹�h �_ ���;�;�7 2022�Q�7 �v�†�]�]�;�v�|�b�m�] �|�_�-�| �-�0�v�o�u�0�b�m�] �l�o�u�; ���� 2 with 

increasing TFVC could provide additional benefits.

Finally, though sometimes counterintuitive, strategies such as 

sustainable forest management and the innovation of the circu�J

�t�-�u�7 �0�b�o�J�0�-�v�;�7 �;�1�o�m�o�l�‹�7 �‰�_�b�1�_ �u�;�7�†�1�;�v �u�;�v�r�b�u�-�|�b�o�m �-�m�7 �-�1�1�;�t�;�u�-�|�;�v 

carbon sequestration, may help promote additional positive for�J

est impacts on the Earth's radiative balance (Churkina et al., 2020; 

Gustavsson et  al.,  2021; Petersson et  al.,  2022�Q�: �
�o�u�;�v�| �u�;�v�o�†�u�1�; 

use can potentially further accelerate atmospheric CO2 drawdown 

through harvest, forest regeneration, and the reduction of respira�J

�|�b�o�m �P�v�b�m�1�; �l�-�|�†�u�; �‰�o�o�7 �u�;�v�o�†�u�1�;�v �;�m�7 �†�r �b�m �‰�o�o�7�J�0�-�v�;�7 �r�u�o�7�†�1�|�v 

�-�m�7 �7�o �m�o�| �7�;�1�-�‹ �b�m �|�_�; �=�o�u�;�v�|�Q�: ���u�o�7�†�1�b�m�] �-�m�7 �v�|�o�u�b�m�] �t�o�m�]�J�t�b�ˆ�;�7 

harvested wood products in the built environment (buildings, rail�J

�u�o�-�7�v�7 �=�†�u�m�b�|�†�u�;�7 �;�|�1�:�Q�7 �‰�_�b�t�; �v�†�0�v�|�b�|�†�|�b�m�] �=�o�v�v�b�t �=�†�;�t�J�b�m�|�;�m�v�b�ˆ�; �r�u�o�7�J

�†�1�|�v �P�;�:�]�:�7 �1�o�m�1�u�;�|�;�7 �v�|�;�;�t�7 �]�t�-�v�v�7 �r�t�-�v�|�b�1�v�Q �-�m�7 �†�v�b�m�] �_�-�u�ˆ�;�v�| �u�;�v�b�7�†�;�v 

�-�m�7 �;�m�7�J�o�=�J�t�b�=�;�J�1�‹�1�t�; �‰�o�o�7 �u�;�v�o�†�u�1�;�v �=�o�u �-�7�7�b�|�b�o�m�-�t �v�†�0�v�|�b�|�†�|�b�o�m 

�P�0�b�o�;�m�;�u�]�‹ �r�u�o�7�†�1�|�b�o�m�Q �t�b�h�;�‰�b�v�; �_�-�ˆ�; �-�7�7�b�|�b�o�m�-�t �r�o�v�b�|�b�ˆ�; �l�b�|�b�]�-�|�b�o�m 

benefits (Churkina et al., 2020; Gustavsson et al., 2021; Petersson 

et  al.,  2022�8 �"�-�|�_�u�; �_ ���]���o�m�m�o�u�7 2010�Q�: �
�†�u�|�_�;�u�7 �=�o�u�;�v�| �t�-�m�7�v�1�-�r�; 

restoration focused on deforested and degraded landscapes has 

important, positive climate benefits (Griscom et  al.,  2017; Mo 

et al., 2023; Roe et al., 2021�Q�:

�‘�:�‘�J |�J �$�_�;�����-�u�|�_�]�v�����m�;�u�]�‹�����l�0�-�t�-�m�1�;

�$�_�; �;�v�|�b�l�-�|�;�7 �b�l�0�-�t�-�m�1�; �b�m �|�_�; �;�Š�1�_�-�m�]�; �o�= �v�o�t�-�u �u�-�7�b�-�|�b�o�m �0�;�|�‰�;�;�m 

�|�_�; �v�†�m�7 �|�_�; ���-�u�|�_�]�v �v�†�u�=�-�1�;�7 �-�m�7 �|�_�; �u�;�J�u�;�t�;�-�v�; �o�= �|�_�;�u�l�-�t �t�o�m�]�‰�-�ˆ�; 

radiation back into space, provides a second alternative diagnostic 

(Figures 2 and 3�Q�: ���o�m�]�J�|�;�u�l �b�l�0�-�t�-�m�1�;�v �7�b�u�;�1�|�t�‹ �-�=�=�;�1�| �]�t�o�0�-�t �‰�-�u�l�J

�b�m�]�F�1�o�o�t�b�m�]�: ���m�1�u�;�-�v�b�m�] �1�o�m�1�;�m�|�u�-�|�b�o�m�v �o�= ���� 2 �-�m�7 �o�|�_�;�u �������v  �b�m 

the Earth's atmosphere create an important physical barrier to the 

release of thermal emissions back into space. The principal drivers 

�o�= �|�_�; ������ �-�u�; �|�_�†�v �b�m�1�u�;�-�v�b�m�] �-�|�l�o�v�r�_�;�u�b�1 ���� 2 �-�m�7 �o�|�_�;�u ������  �1�o�m�J

centrations. Not easily removed from the atmosphere and with vari�J

ously long decay rates, CO2 �-�m�7 �������v  �-�u�; �†�m�-�l�0�b�]�†�o�†�v�7 �t�o�m�]�J�|�;�u�l 

������ �=�o�u�1�;�u�v�:

� 
 � � � � � & � ! � � � � � • �J���|�l�o�v�r�_�;�u�b�1 ����2 concentrations, Mauna Loa 
���0�v�;�u�ˆ�-�|�o�u�‹�: �$�_�; �=�b�]�†�u�; �v�_�o�‰�v �l�;�-�m �l�o�m�|�_�t�‹ �ˆ�-�t�†�;�v �P�u�;�7�Q 
�-�m�7 �•�J�l�o�m�|�_ �v�l�o�o�|�_�;�7 �ˆ�-�t�†�;�v �P�0�t�-�1�h�Q �o�= �|�_�; �v�o�J�1�-�t�t�;�7 Keeling 
curve. Source�9 ���7�-�r�|�;�7 �=�u�o�l ���������: �)�; �_�-�ˆ�; �-�7�7�;�7 �|�_�; �-�u�u�o�‰�v 
illustrating the drawdown and the annual gap and added the 
estimates of the annual gap and the annual drawdown based on 
�������� �;�v�|�b�l�-�|�;�v �P�������� ���!�u �)���� ���_�”�Q�:
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�J�M�J |�J �”���o�=���‘�•ELLISON ET AL.

�$�_�; �-�m�m�†�-�t �m�;�| �;�Š�1�_�-�m�]�; �o�= �u�-�7�b�-�|�b�o�m �0�;�|�‰�;�;�m �|�_�; ���-�u�|�_�]�v �v�†�u�J

face and space is out of balance. This imbalance has grown over the 

�t�-�v�| �_�-�t�=�J�1�;�m�|�†�u�‹ �=�u�o�l �- �|�o�|�-�t �o�= �-�r�r�u�o�Š�b�l�-�|�;�t�‹ + �•�:�”�S±�S�•�:�•�v�”�S�)�l2 for 

�|�_�; �r�;�u�b�o�7 �•�–�•�•�K�‘�•�•�u�7 �|�o + �•�:�•�–�S±�S�•�:�‘�•�S�)�l2 per year for the period 

�‘�•�•�u�K�‘�•�•�v �P�������� ���!�u �)����  ���_�•�Q�: �$�_�; �;�m�;�u�]�‹ �=�t�†�Š�;�v �|�_�-�| �u�;�l�-�b�m 

trapped within the Earth's atmosphere represent direct forcings with 

powerful climate impacts. Thus, while solar radiation provides the 

�r�u�b�m�1�b�r�-�t�7 �u�;�]�†�t�-�u �;�m�;�u�]�;�|�b�1 �=�o�u�1�b�m�] �‰�_�b�1�_ �7�u�b�ˆ�;�v �|�_�; �v�t�o�‰�J�l�o�ˆ�b�m�] �;�m�J

gine behind global warming and climate change, the principal drivers 

�o�= �|�_�; ������ �-�u�; ���� 2 �-�m�7 �o�|�_�;�u �������v�7 �-�v �‰�;�t�t �-�v �1�_�-�m�]�;�v �b�m �|�o�r�J�o�=�J

�-�|�l�o�v�r�_�;�u�; �P�$�����Q �-�m�7 �v�†�u�=�-�1�; �-�t�0�;�7�o �=�t�†�Š�;�v�7 �b�m �r�-�u�|�b�1�†�t�-�u�7 �|�o�r�J�o�=�J

�1�t�o�†�7 �P�o�=�|�;�m �u�;�=�;�u�u�;�7 �|�o �-�v �$�����Q �u�;�=�t�;�1�|�b�ˆ�b�|�‹ �P�v�;�; Figures 2 and 3�Q�:

���†�u�u�;�m�|�t�‹ �;�v�|�b�l�-�|�;�7 �-�| �-�0�o�†�| �•�:�•�–�S�)�l2�7 �|�_�; �o�ˆ�;�u�-�t�t �v�b�Œ�; �o�= �|�_�; 

������ �u�;�t�-�|�b�ˆ�; �|�o �|�_�; �l�-�f�o�u �;�m�;�u�]�‹ �=�t�†�Š�;�v �=�u�o�l �v�r�-�1�; �|�o �|�_�; ���-�u�|�_�]�v 

�v�†�u�=�-�1�; �-�m�7 �0�-�1�h�7 �b�v �u�;�l�-�u�h�-�0�t�‹ �v�l�-�t�t�: ���‹ �‰�-�‹ �o�= �;�Š�-�l�r�t�;�7 �|�_�; latent 

heat flux �P�v�‘�S�)�l2�Q�7 �|�u�b�]�]�;�u�;�7 �0�‹ ���$ �-�m�7 �;�ˆ�-�r�o�u�-�|�b�o�m �=�u�o�l �|�;�u�u�;�v�|�u�b�-�t 

and ocean surfaces, the amount of outgoing solar radiation originating 

from shortwave top-of-cloud surface reflectivity �P�•�”�S�)�l2�Q�7 �-�m�7 thermal 

longwave emissions from clouds �P�‘�v�S�)�l2�Q�7 �-�u�; �1�o�l�r�-�u�-�|�b�ˆ�;�t�‹ �t�-�u�]�;�: 

�(�-�u�b�-�|�b�o�m �b�m �-�t�|�;�u�m�-�|�b�ˆ�; �;�v�|�b�l�-�|�;�v �o�= �;�-�1�_ �o�= �|�_�;�v�; �=�t�†�Š�;�v �1�-�m �t�b�h�;�‰�b�v�; 

�0�; �t�-�u�]�;�u �|�_�-�m �|�_�; �;�v�|�b�l�-�|�;�7 ������ �PFigure 2 �r�u�o�ˆ�b�7�;�v �v�o�l�; �;�Š�-�l�r�t�;�v 

�o�= �|�_�b�v �ˆ�-�u�b�-�|�b�o�m�Q�:

�"�†�u�r�u�b�v�b�m�] �|�_�b�m�]�v �_�-�r�r�;�m�7 �_�o�‰�;�ˆ�;�u�7 �‰�_�;�m �‰�; �1�o�l�r�-�u�; �|�_�; �]�t�o�0�-�t 

energy budget under “clear” and “all sky” conditions (Figures 2 and 3�Q�: 

�	�†�;  �|�o �|�_�; �;�t�b�l�b�m�-�|�b�o�m �o�= �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�̂ �b�|�‹�7 �u�;�7�†�1�;�7 �1�t�o�†�7 �=�o�u�J

�l�-�|�b�o�m �_�-�v �b�l�r�o�u�|�-�m�| �b�l�r�-�1�| �o�m �|�_�; �|�o�|�-�t �-�l�o�†�m�| �o�= �v�_�o�u�|�‰�-�ˆ�; �P�"�)�Q 

�u�-�7�b�-�|�b�o�m �u�;�-�1�_�b�m�] �|�_�; �r�t�-�m�;�| �v�†�u�=�-�1�;�: �)�b�t�7�7 �=�o�u �;�Š�-�l�r�t�;�7 �;�v�|�b�l�-�|�;�v 

the net radiative impact of clear sky increases in sensible surface 

� 
 � � � � � & � ! � � � � � ‘ �J���-�u�|�_�]�v �;�m�;�u�]�‹ �0�†�7�]�;�| 
�;�Š�r�u�;�v�v�;�7 �-�v �|�o�|�-�t�7 �]�t�o�0�-�t �-�l�o�†�m�|�v 
of incoming and outgoing shortwave 
�u�-�7�b�-�|�b�o�m �P�‹�;�t�t�o�‰�Q �-�m�7 �t�o�m�]�‰�-�ˆ�; �;�l�b�v�v�b�o�m�v 
�P�o�u�-�m�]�;�Q�: Source�9 �)�b�t�7 �P2020�Q�: �$�_�; �;�m�;�u�]�‹ 
�=�t�†�Š �ˆ�-�t�†�;�v �=�u�o�l �7�b�=�=�;�u�;�m�| �v�o�†�u�1�;�v �-�u�; 
�u�;�r�u�;�v�;�m�|�;�7 �b�m �u�;�7 �P���������u �l�†�t�|�b�J�l�o�7�;�t 
�l�;�-�m�Q�7 �r�b�m�h �P���������” �l�†�t�|�b�J�l�o�7�;�t �l�;�-�m�Q�7 
�0�t�-�1�h �P�)�b�t�7 �;�| �-�t�:�7 2019�Q�7 �-�m�7 �]�u�;�;�m �P���-�|�o 
et al., 2018�Q�: �$�����7 �|�o�r�J�o�=�J�-�|�l�o�v�r�_�;�u�;�:

� 
 � � � � � & � ! � � � � � ’ �J���t�o�0�-�t �;�m�;�u�]�‹ �0�†�7�]�;�| 
under clear skies. Source�9 ���7�-�r�|�;�7 �=�u�o�l 
�)�b�t�7 �P2020�Q �-�m�7 �)�b�t�7 �;�| �-�t�: �P2019�Q�: �$�_�; 
numbers in red added here compare the 
�1�t�;�-�u �v�h�‹ �1�_�-�m�]�; �|�o �)�b�t�7�]�v �u�;�r�u�;�v�;�m�|�-�|�b�o�m 
of the conventional energy budget 
�‰�b�|�_ �1�t�o�†�7�v �P�)�b�t�7�7 2020�Q�: �$�����7 �|�o�r�J�o�=�J
atmosphere.
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�u���o�=���‘�•�J|�J���J�M ELLISON ET AL.

�_�;�-�| �-�| �-�r�r�u�o�Š�b�l�-�|�;�t�‹ +�‘�•�S�)�l 2 �P�)�b�t�7�7 2020 �8 �)�b�t�7 �;�| �-�t�:�7 2019�Q �P�o�u 

�-�r�r�u�o�Š�b�l�-�|�;�t�‹ +�”�:�v�S�)�l2 �o�ˆ�;�u �|�_�; �t�-�m�7 �v�†�u�=�-�1�;�Q�: ���o�u�;�o�ˆ�;�u�7 �|�_�; �t�o�v�v 

�o�= �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹ �r�-�t�;�v �b�m �1�o�l�r�-�u�b�v�o�m �|�o �|�_�; +�”�“�S�)�l2 

�b�m�1�u�;�-�v�; �b�m �|�_�; �"�)  �v�;�m�v�b�0�t�; �_�;�-�| �=�t�†�Š�: �"�b�]�m�b�=�b�1�-�m�| �b�m�1�u�;�-�v�;�v �b�m �"�)  

radiation striking and being absorbed by significantly darker ocean 

surfaces (Figure 3�Q�7 �=�o�u �;�Š�-�l�r�t�;�7 �l�-�‹ �_�-�ˆ�; �7�;�1�b�v�b�ˆ�; �m�;�]�-�|�b�ˆ�; �b�l�r�-�1�|�v 

on regional climate. This increase is partially compensated by an in�J

�1�u�;�-�v�; �b�m �o�†�|�]�o�b�m�] �t�o�m�]�‰�-�ˆ�; �|�_�;�u�l�-�t �;�l�b�v�v�b�o�m�v �o�= � �́‘�v�S�)�l2 (since 

�1�t�o�†�7�v �m�o �t�o�m�]�;�u �=�†�m�1�|�b�o�m �-�v �- �_�;�-�| �0�-�u�u�b�;�u�Q�: ���o�‰�;�ˆ�;�u�7 �|�_�; �m�;�| �;�v�|�b�J

�l�-�|�;�7 �b�l�r�-�1�| �o�= �|�_�; �u�;�7�†�1�;�7 �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �t�o�v�v �-�m�7 �u�;�7�†�1�;�7 �1�t�o�†�7 

�=�o�u�l�-�|�b�o�m �_�-�ˆ�; �r�u�o�=�o�†�m�7�t�‹ �m�;�]�-�|�b�ˆ�; �b�l�r�-�1�|�v �o�m �|�_�; �������:

�"�b�m�1�; �7�;�1�t�b�m�b�m�] �$�
�(�� �P�7�;�=�o�u�;�v�|�-�|�b�o�m�Q �t�;�-�7�v �|�o �7�;�1�t�b�m�b�m�] �t�-�|�;�m�| 

heat production and thus cloud cover loss, this representation has 

powerful implications for the potential consequences of deforesta �J

tion over the land surface, suggesting that, at large scales, it will in�J

troduce significant warming. The compelling question, then, is the 

following: since the required margin of change needed to make a 

�7�;�1�b�v�b�ˆ�; �b�l�r�-�1�| �o�m �|�_�; ������ �P�•�:�•�–�S�)�l2�Q�7 �-�m�7�7 �|�_�†�v�7 �1�t�b�l�-�|�; �o�†�|�1�o�l�;�v�7 

�b�v �v�o �v�l�-�t�t�7 �|�o �‰�_�-�| �;�Š�|�;�m�| �1�-�m �1�_�-�m�]�; �b�m �|�_�; �ˆ�-�u�b�o�†�v �;�t�;�l�;�m�|�v �o�= 

the TFVC carbon, water, and energy cycle influence change in global 

climate outcomes?

�$�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �|�_�†�v �_�-�v �-�m �b�l�r�o�u�|�-�m�| �|�_�o�†�]�_ �v�;�;�l�b�m�]�t�‹ �b�m�J

�7�b�u�;�1�| �b�l�r�-�1�| �o�m �|�_�; ������ �-�m�7 �]�t�o�0�-�t �1�o�o�t�b�m�]�F�‰�-�u�l�b�m�]�: �$�_�; �t�-�|�;�m�| �_�;�-�| 

�=�t�†�Š �1�o�m�|�u�b�0�†�|�;�v �|�o �1�o�m�7�;�m�v�-�|�b�o�m �-�m�7 �1�o�m�ˆ�;�u�]�;�m�1�;�7 �|�_�-�| �b�v�7 �1�t�o�†�7 �=�o�u�J

�l�-�|�b�o�m�: ���v �_�b�]�_�t�b�]�_�|�;�7 �b�m Figure 2�7 �|�_�; �=�o�u�l�-�|�b�o�m �o�= �t�o�‰�J�t�‹�b�m�] �1�t�o�†�7�v 

�1�u�;�-�|�;�v �‰�_�b�|�; �|�o�r�J�o�=�J�1�t�o�†�7 �v�†�u�=�-�1�;�v �1�-�r�-�0�t�; �o�= �u�;�=�t�;�1�|�b�m�] �b�m�1�o�l�b�m�] 

�v�o�t�-�u �"�)  �u�-�7�b�-�|�b�o�m �0�-�1�h �b�m�|�o �v�r�-�1�; �P���-�m�J�)�;�b�v�v �;�| �-�t�:�7 2011�8 �	�†�ˆ�;�b�t�t�;�u 

et al., 2021�8 �)�b�t�7 �;�| �-�t�:�7 2019; Xu et al., 2022; Zeng et al., 2017; Zheng 

et al., 2018 , 2021�Q�: �$�_�o�†�]�_ �b�m�1�u�;�-�v�b�m�] �1�t�o�†�7 �1�o�ˆ�;�u �-�t�v�o �u�;�=�t�;�1�|�v �-�7�J

ditional longwave radiation back toward the Earth's surface, a com�J

parison of Figures 2 and 3 �v�†�]�]�;�v�|�v �|�o�r�J�o�=�J�1�t�o�†�7 �"�)  �u�;�=�t�;�1�|�b�ˆ�b�|�‹ �_�-�v 

a comparatively greater impact. Thus, the net effect of the latent 

�_�;�-�| �=�t�†�Š �-�m�7 �-�t�0�;�7�o �;�l�0�o�7�b�;�7 �b�m �|�_�b�v �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹ �u�;�r�J

�u�;�v�;�m�|�v �- �7�b�u�;�1�|�7 �†�m�-�l�0�b�]�†�o�†�v�7 �0�;�m�;�=�b�1�b�-�t �b�l�r�-�1�| �o�m �|�_�; ������ �P���-�m�J

�)�;�b�v�v �;�| �-�t�:�7 2011�8 �	�†�ˆ�;�b�t�t�;�u �;�| �-�t�:�7 2021; Xu et al., 2022�Q�:

� ’ �J | �J � � � " �$� � � � � ��$ � � � 	 � � � � � � � � � � � � � � � 	 � � � � � � � ! � � � � � �� �
� " � � �  �& � � � " �$� ! � ��$ � � � � � � � � � � � � � �� � � � �$ �" � � � � � 
 � � � ! � � � " �$� � � ! � � � 	� �
�$ �
 �(� �

���b�v�|�o�u�b�1�-�t�t�‹�7 �;�v�|�b�l�-�|�;�v �v�†�]�]�;�v�| �_�†�l�-�m �l�o�7�b�=�b�1�-�|�b�o�m �o�= �|�_�; �|�;�u�u�;�v�J

trial surface for agricultural production and human settlements has 

�u�;�v�†�t�|�;�7 �b�m �|�_�; �t�o�v�v �o�= �v�o�l�; �“�•�w�K�”�•�w �o�= �r�u�;�J���m�|�_�u�o�r�o�1�;�m�; �$�
�(�� 

�P�
�����7 2001�8 ���o�m�]�u�-�|�Œ �;�| �-�t�:�7 2010 �8 �"�_�ˆ�b�7�;�m�h�o �;�| �-�t�:�7 2005�Q�: ���= �|�_�; 

�t�o�v�| �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �b�v �u�o�†�]�_�t�‹ �;�t�†�b�ˆ�-�t�;�m�| �|�o �|�_�; �1�†�u�u�;�m�| �t�-�|�;�m�| �_�;�-�| 

�=�t�†�Š�7 �l�†�1�_ �_�-�v �r�u�;�v�†�l�-�0�t�‹ �0�;�;�m �t�o�v�| �|�_�u�o�†�]�_ �t�-�m�7 �†�v�; �1�o�m�ˆ�;�u�v�b�o�m 

�|�o �-�]�u�b�1�†�t�|�†�u�-�t �r�u�o�7�†�1�|�b�o�m �-�m�7 �†�u�0�-�m�b�Œ�-�|�b�o�m�: �$�_�; �&�������	�]�v Global 

Land Outlook for 2022 argues “globally, food systems are responsible 

for 80% of deforestation” (United Nations Convention to Combat 

�	�;�v�;�u�|�b�=�b�1�-�|�b�o�m�7 2022�Q�: ���= �‰�; �-�v�v�†�l�; �1�b�|�‹�v�1�-�r�;�v �r�u�o�7�†�1�; �t�b�l�b�|�;�7 �|�o 

no ET, while croplands and pasturelands produce about half the 

amount of ET ordinarily produced by tree and forest cover (see, e.g., 

the calculations in Ellison et al., 2012; Table 1�Q�7 �|�_�;�m �|�_�; �|�o�|�-�t �t�o�v�| 

���$�J�0�-�v�;�7 �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �=�u�o�l �“�•�w �o�u �”�•�w �_�b�v�|�o�u�b�1�-�t �7�;�=�o�u�;�v�|�-�|�b�o�m�7 

�u�;�v�r�;�1�|�b�ˆ�;�t�‹�7 �-�l�o�†�m�|�v �|�o �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �•�•�:�•�K�•�”�:�‘�S�)�l2 (Table 1�Q�:

Restoring this forest cover could potentially give rise to a +21% 

to +�‘�–�w �b�m�1�u�;�-�v�; �b�m �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š�: �&�v�b�m�] �|�_�b�v �;�v�|�b�l�-�|�;�7 �r�;�u�J

�1�;�m�|�-�]�; �1�_�-�m�]�; �|�o �;�v�|�b�l�-�|�; �|�_�; �r�o�|�;�m�|�b�-�t �1�_�-�m�]�; �b�m �|�_�; �|�o�r�J�o�=�J�1�t�o�†�7 

�o�†�|�]�o�b�m�] �t�o�m�]�‰�-�ˆ�; �u�-�7�b�-�|�b�o�m �=�t�†�Š �P�b�m�1�u�;�-�v�;�7 �7�o�‰�m�‰�-�u�7 ���)  �u�-�7�b�-�|�b�o�m�Q 

�-�m�7�7 �]�b�ˆ�;�m �|�_�-�| �t�-�m�7 �l�-�h�;�v �†�r �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �‘�–�w �o�= �|�_�; ���-�u�|�_�]�v �v�†�u�J

�=�-�1�;�7 �|�_�; �|�o�|�-�t �b�l�r�-�1�| �-�l�o�†�m�|�v �|�o �-�r�r�u�o�Š�b�l�-�|�;�t�‹ +1.7 to + �‘�:�’�S�)�l2. 

�)�;  �=�†�u�|�_�;�u �†�v�; �|�_�b�v �r�;�u�1�;�m�| �1�_�-�m�]�; �|�o �;�v�|�b�l�-�|�; �|�_�; �r�o�|�;�m�|�b�-�t �1�_�-�m�]�; 

�b�m �|�_�; �|�o�r�J�o�=�J�1�t�o�†�7 �o�†�|�‰�-�u�7 �"�)  �u�-�7�b�-�|�b�o�m �P�|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹�Q�: 

�$�_�b�v �b�l�r�-�1�| �-�l�o�†�m�|�v �|�o �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �´�’�:�– �|�o �´�”�:�’�S�)�l2�: �"�†�l�l�b�m�] 

�|�_�;�v�; �|�‰�o �;�=�=�;�1�|�v�7 �‰�; �;�v�|�b�l�-�|�; �|�_�; �|�o�|�-�t �m�;�| �b�l�r�-�1�| �o�m �|�_�; ������ �-�| �-�r�J

�r�u�o�Š�b�l�-�|�;�t�‹ � �́‘�:�‘ �|�o �´�’�:�•�S�)�l2. This is more than enough to outweigh 

�1�†�u�u�;�m�| �m�;�| �v�o�t�-�u �u�-�7�b�-�|�b�o�m �-�0�v�o�u�r�|�b�o�m �P�������S=�S+�•�:�•�–�S±�S�•�:�‘�•�S�)�l2�Q�:

These back-of-the-envelope �;�v�|�b�l�-�|�;�v �l�-�‹�7 �_�o�‰�;�ˆ�;�u�7 �o�ˆ�;�u�J �o�u �†�m�J

derestimate potential change. For one, we have not accounted for 

�|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �o�ˆ�;�u �b�m�t�-�m�7 �‰�-�|�;�u �0�o�7�b�;�v �-�m�7 �‰�;�|�t�-�m�7�v�: ���o�‰�;�ˆ�;�u�7 

�o�r�;�m �‰�-�|�;�u �0�o�7�b�;�v �o�m�t�‹ �-�1�1�o�†�m�| �=�o�u �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �‘�w �o�= �|�_�; �t�-�m�7 

surface and would not change importantly with forest landscape 

�u�;�v�|�o�u�-�|�b�o�m�: �)�;�|�t�-�m�7 �t�o�v�v�7 �_�o�‰�;�ˆ�;�u�7 �t�b�h�; �_�b�v�|�o�u�b�1�-�t �7�;�=�o�u�;�v�|�-�|�b�o�m�7 

�_�-�v �b�l�r�o�v�;�7 �v�b�l�b�t�-�u�t�‹ �_�b�]�_ �t�o�v�v�;�v �o�m �� �-�m�7 ���$ �r�u�o�7�†�1�|�b�o�m �P�
�t�†�;�|�J

Chouinard et al., 2023; Pokorný et al., �‘�•�•�u�Q �-�m�7 �‰�-�u�u�-�m�|�v �;�t�†�b�ˆ�-�t�;�m�| 

attention. Further, reductions in surface temperature resulting from 

increased TFVC and cloud cover would likely diminish the surface 

energy balance, thereby reducing latent heat production and cloud 

cover, which in turn would reduce the potential change in the out �J

�‰�-�u�7 �"�)  �-�m�7 �7�o�‰�m�‰�-�u�7 �t�o�m�]�‰�-�ˆ�; �u�-�7�b�-�|�b�ˆ�; �=�t�†�Š�;�v�: �$�_�; �t�†�;�v�|�b�o�m �o�= 

magnitude is also important. The numbers in Table 1 �-�v�v�†�l�; �- �•�J�|�o�J�• 

relationship between increased ET, cloud formation, and increased 

�|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹�: �$�_�; �u�;�t�-�|�b�ˆ�; �l�-�]�m�b�|�†�7�; �o�= �|�_�;�v�; �u�;�t�-�|�b�o�m�J

�v�_�b�r�v�7 �_�o�‰�;�ˆ�;�u�7 �l�-�‹ �0�; �t�-�u�]�;�u �o�u �v�l�-�t�t�;�u�: �$�_�†�v�7 �|�_�; �|�o�|�-�t �m�;�| ������ �b�l�J

pact is also likely to be larger or smaller.

��  �]�u�o�‰�b�m�] �t�b�|�;�u�-�|�†�u�; �;�l�r�_�-�v�b�Œ�;�v �|�_�-�| �|�_�; �r�o�|�;�m�|�b�-�t �=�o�u �1�t�o�†�7 

formation with increased forest cover is not everywhere equal 

�P�	�†�ˆ�;�b�t�t�;�u �;�| �-�t�:�7 2021; Xu et al.,  2022�Q�: �$�_�;�v�; �-�†�|�_�o�u�v �;�l�r�_�-�v�b�Œ�;�7 

in particular, that there is strong seasonal variation across differ�J

�;�m�| �v�;�|�|�b�m�]�v�: ���| �|�_�; �v�-�l�; �|�b�l�;�7 �b�m �-�t�t �1�-�v�;�v�7 �|�_�;�v�; �-�†�|�_�o�u�v �m�o�|�; �|�_�-�| 

cloud formation over forested areas appears to be strongest during 

the seasonal summer months and is either weaker or even inverted 

�7�†�u�b�m�] �v�;�-�v�o�m�-�t �‰�b�m�|�;�u �l�o�m�|�_�v �b�m �v�o�l�; �t�o�1�-�|�b�o�m�v�: ���o�‰�;�ˆ�;�u�7 �=�-�u �=�u�o�l 

suggesting that additional forest cover may, in some instances, have 

opposite effects, this literature strongly highlights the potential ben �J

efits of additional TFVC, even in drier locations.

Most importantly, perhaps, as the data in Table 1 suggests, the 

�1�-�u�0�o�m �-�m�7 �1�t�o�†�7 �1�o�ˆ�;�u�J�u�;�t�-�|�;�7 �b�l�r�-�1�|�v �o�= �$�
�(�� �-�u�; �1�o�l�r�t�;�l�;�m�J

tary and thus likely to positively reinforce each other. Based on 

�|�_�;�v�; �m�†�l�0�;�u�v�7 �-�v �t�o�m�] �-�v �|�_�; �$�
�(���J�7�u�b�ˆ�;�m �b�m�|�;�m�v�b�=�b�1�-�|�b�o�m �o�= �|�_�; 

hydrologic cycle moves more water across terrestrial surfaces and 

recycles more rainfall (Ellison et  al.,  2012, 2017�8 ���o�;�h �ˆ�-�m �	�b�f�h�; 

et  al.,  2022�Q�7 �|�_�; �-�7�7�b�|�b�o�m�-�t �t�-�|�;�m�| �_�;�-�| �r�u�o�7�†�1�|�b�o�m �P�-�v�v�†�l�b�m�] �-�7�;�J

�t�†�-�|�; �-�m�7 �t�-�u�]�;�J�v�1�-�t�; �1�_�-�m�]�; �b�m �$�
�(���Q �‰�b�t�t �t�b�h�;�t�‹ �b�m�1�u�;�-�v�; �1�t�o�†�7 �=�o�u�J

�l�-�|�b�o�m �r�o�|�;�m�|�b�-�t �-�m�7 �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹�: ���m�7 �b�m�1�u�;�-�v�;�7 �$�
�(�� 
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�J�M�J |�J �•���o�=���‘�•ELLISON ET AL.

will of course simultaneously and naturally improve the atmospheric 

CO2  �7�u� -�‰�7�o�‰�m� :  � )� ;  � r�u� ;�7�b�1� |  � |�_� -� |�7  � |�o� ]� ;� |�_� ;�u�7  � |�_� ;�v� ;  � |�‰�o  � ;�=�=� ;�1� |�v  � r�u�o�J

�ˆ�b�7�; �|�_�; �r�u�b�m�1�b�r�-�t �1�o�l�0�b�m�;�7 �b�l�r�-�1�| �o�= �$�
�(�� �o�m �|�_�; ������ �-�m�7 �]�t�o�0�-�t 

cooling/warming.

� “ �J| �J �" �& � ! � 
� � � � � � � � � � � � � � � � � 	 � � �7 � � �$� � � � � � � � � ��$ � � � � �$ � � � � � � � ��$� �
� 
 � � �&�* � � � � � � � 	 � � � " � � � � � " � � � � � � � � � � � � � � � ��$

The above overview of the CO2 �7�u�-�‰�7�o�‰�m �-�m�7 �|�_�; ������ �_�b�]�_�t�b�]�_�|�v �|�_�; 

direct, unambiguous�7 �1�-�†�v�-�t �r�-�|�_�‰�-�‹�v �0�‹ �‰�_�b�1�_ �$�
�(���J�u�;�t�-�|�;�7 �1�-�u�0�o�m�7 

water, and energy cycles interact with the climate to influence global 

�1�t�b�l�-�|�; �1�_�-�m�]�;�: �"�†�u�=�-�1�; �-�t�0�;�7�o �-�m�7 �|�_�; �t�-�|�;�m�| �-�m�7 �v�;�m�v�b�0�t�; �_�;�-�| 

�=�t�†�Š�;�v�7 �o�m �|�_�; �o�|�_�;�u �_�-�m�7�7 �-�u�; �1�o�l�r�-�u�-�|�b�ˆ�;�t�‹ �l�o�u�; �1�o�l�r�t�;�Š �-�m�7 �|�_�;�b�u 

�;�=�=�;�1�|�v �o�m �|�_�; �1�t�b�l�-�|�; �0�o�|�_ �7�b�u�;�1�| �-�m�7 �b�m�7�b�u�;�1�|�: ���o�m�1�;�r�|�†�-�t�b�Œ�-�|�b�o�m�v 

of surface albedo impacts have previously dominated thinking about 

TFVC warming/cooling, potentially misdirecting science, with the 

result that the interaction of surface albedo, and the latent and sensi-

ble heat fluxes are frequently misunderstood.

���r�-�u�| �=�u�o�l �$���� �b�m�|�;�u�-�1�|�b�o�m�v�7 �_�o�‰ �l�†�1�_ �"�)  �u�-�7�b�-�|�b�o�m �b�v �u�;�=�t�;�1�|�;�7 

back into space or remains over the land surface is first determined 

by surface albedo�: ���o�v�|�u�;�=�t�;�1�|�b�ˆ�; �v�†�u�=�-�1�; �-�t�0�;�7�o�7 �u�;�l�-�b�m�b�m�] �"�)  �u�-�7�b�J

ation is then partitioned into latent  and sensible heat�: �)�_�b�t�; �b�m�1�o�l�b�m�] 

solar radiation warms the Earth's surface as sensible heat, alternatively, 

TFVC and water produce latent heat �P�o�u ���$�Q�: ���_�o�|�o�v�‹�m�|�_�;�v�b�v �b�v �7�u�b�ˆ�;�m 

�0�‹ �|�_�; �|�o�|�-�t �-�l�o�†�m�| �o�= �v�†�m�t�b�]�_�| �P�_�;�-�|�Q �-�0�v�o�u�0�;�7 �0�‹ �t�;�-�= �v�†�u�=�-�1�;�v�7 �|�u�b�]�J

gering stomatal transpiration and binding carbon from atmospheric 

CO2 �P�0�†�b�t�7�b�m�] �0�b�o�l�-�v�v�Q�: ���o�‰ �l�†�1�_ sensible heat remains on the land 

surface is determined by the potential for TFVC and the remaining 

energy to convert water into latent heat �: �$�_�; �r�u�;�v�;�m�1�; �P�-�0�v�;�m�1�;�Q �o�= 

TFVC, water, and energy are thus the principal drivers of the partition�J

�b�m�] �o�= �r�o�v�|�J�-�t�0�;�7�o �"�) �u�-�7�b�-�|�b�o�m �b�m�|�o latent and sensible heat.

�"�†�u�=�-�1�; �-�t�0�;�7�o�7 �b�m �- �v�;�m�v�;�7 �u�;�r�u�;�v�;�m�|�v �-�m �>�;�ˆ�o�t�†�|�b�o�m�-�u�‹ �|�u�-�b�|�? 

determined by the natural interaction between TFVC, solar radia�J

tion, photosynthesis, and water. Trees and plants evolve darker and 

lighter colors to absorb adequate solar radiation to ensure competi�J

�|�b�ˆ�; �v�†�u�ˆ�b�ˆ�-�t �-�m�7 �u�;�r�u�o�7�†�1�|�b�o�m�: �
�-�v�|�;�u�J�]�u�o�‰�b�m�] �v�r�;�1�b�;�v �|�;�m�7 �|�o �_�-�ˆ�; 

�7�-�u�h�;�u �1�o�t�o�u�v �|�o �v�;�1�†�u�; �_�b�]�_�;�u �‰�-�|�;�u �†�v�;�7 �‰�_�;�u�;�-�v �v�t�o�‰�;�u�J�]�u�o�‰�b�m�] 

�v�r�;�1�b�;�v �=�u�;�t�†�;�m�|�t�‹ �_�-�ˆ�; �t�b�]�_�|�;�u �1�o�t�o�u�v�: �"�†�u�=�-�1�; �-�t�0�;�7�o �;�=�=�;�1�|�v �-�u�; 

thus modulated and regulated by the evolution of TFVC, which in 

turn modifies and regulates the total amount of incoming solar radi�J

ation partitioned into latent and sensible heat. The equilibrium con�J

ditions arising from this interaction govern the circulation of water, 

the binding of carbon in biomass, and the regulation of the surface 

energy balance (Köppen, 2011; Thornthwaite, 1948 �Q�:

The progressive stages of forest development highlight this 

�	�-�u�‰�b�m�b�-�m �1�o�l�r�;�|�b�|�b�o�m �=�o�u �-�1�1�;�v�v �|�o �|�_�; �v�†�m�]�v �v�o�t�-�u �u�;�v�o�†�u�1�;�v�: �$�o�|�-�t 

�=�o�u�;�v�|�J�0�-�v�;�7 ���$ �r�u�o�7�†�1�|�b�o�m �b�v �;�v�v�;�m�|�b�-�t�t�‹ �|�_�; �;�Š�r�u�;�v�v�b�o�m �o�= �|�_�; �o�†�|�J

�1�o�l�; �o�= �|�_�b�v �m�-�|�†�u�-�t �1�o�l�r�;�|�b�|�b�o�m �-�m�7�7 �b�m �t�-�|�;�u �P�>�v�†�1�1�;�v�v�b�o�m�-�t�?�Q �v�|�-�]�;�v�7 

�;�Š�r�u�;�v�v�;�v �|�_�; �|�o�|�-�t �r�o�|�;�m�|�b�-�t �P�-�m�7�7 �-�| �t�;�-�v�| �b�m �m�-�|�†�u�-�t �v�;�|�|�b�m�]�v�7 �v�†�v�J

�|�-�b�m�-�0�t�;�Q�7 �†�v�; �o�= �-�ˆ�-�b�t�-�0�t�; �u�;�v�o�†�u�1�;�v �P�;�m�;�u�]�‹ �-�m�7 �‰�-�|�;�u�Q�:

On the other hand, both comparatively small and larger (interan�J

�m�†�-�t�7 �-�m�7�F�o�u �1�t�b�l�-�|�;�J�7�u�b�ˆ�;�m�Q �1�_�-�m�]�;�v �P�r�;�u�|�†�u�0�-�|�b�o�m�v�Q �b�m �|�;�l�r�;�u�-�|�†�u�; 

and rainfall can alter this delicate natural balance between TFVC, 

water, and the energy cycle, leading to potentially significant natu�J

ral and anthropogenically driven disturbances in the surface energy 

balance. Natural climate variation, anthropogenic impacts, land use 

conversions to agriculture, and urban settlements with high water 

use/demand all create imbalances in this delicate interactive equi�J

librium, triggering potential reductions in ET, increased overland 

flows of water, elevated flood potential, elevated sensible surface 

�_�;�-�|�7 �u�b�v�b�m�] �7�u�o�†�]�_�| �r�o�|�;�m�|�b�-�t�7 �-�m�7 �l�o�u�; �;�Š�|�u�;�l�; �‰�;�-�|�_�;�u �;�ˆ�;�m�|�v�: 

�"�†�1�_ �r�_�;�m�o�l�;�m�- �-�u�; �|�_�†�v �m�-�|�†�u�-�t�t�‹ �|�_�; �o�†�|�1�o�l�; �o�= �0�o�|�_ �b�m�1�b�7�;�m�J

tal interannual variation (due to natural variation in wind patterns, 

�1�t�o�†�7 �=�o�u�l�-�|�b�o�m�7 �u�-�b�m�=�-�t�t�7 �-�m�7 �|�;�l�r�;�u�-�|�†�u�;�Q �-�v �‰�;�t�t �-�v �-�m�|�_�u�o�r�o�]�;�m�b�1 

�l�o�7�b�=�b�1�-�|�b�o�m �o�= �|�_�; �m�-�|�†�u�-�t �t�-�m�7�v�1�-�r�; �-�m�7 �1�-�m �‹�b�;�t�7 �t�o�m�]�J�|�;�u�l�7 �1�o�l�J

paratively dramatic disturbances on the land surface.

Based on modeled results produced with the aid of Global Climate 

�-�m�7 ���-�u�|�_ �"�‹�v�|�;�l ���o�7�;�t�v �P�������v �-�m�7 ���"���v�Q�7 �v�;�ˆ�;�u�-�t �7�;�1�-�7�;�v �o�= �t�b�|�;�u�J

ature suggested early on that, by raising surface albedo, deforestation 

in the northern hemisphere led, historically, to surface cooling across 

the temperate and boreal regions (Bala et  al.,  2007; Betts,  2001; 

Betts et  al.,  2007; Bonan,  1999, 2008; Bonan et  al.,  1992; Brovkin 

et al., 1998, �‘�•�•�u; Burakowski et al., 2018�8 �	�-�ˆ�b�m �;�| �-�t�:�7 2007�8 �	�-�ˆ�b�m 

�_ �7�; ���o�0�t�;�|�J�	�†�1�o�†�7�u�Ð�7 2010�8 �"�† �;�| �-�t�:�7 2023�Q�: ���†�0�t�b�1�-�|�b�o�m�v �=�u�o�l �|�_�; 

80s and 90s and on into the early 2000s suggest the surface albedo 

effects of TFVC outweigh carbon sequestration by warming sur�J

�=�-�1�;�v �‰�_�;�u�; �=�o�u�;�v�|�v �-�u�; �r�t�-�m�|�;�7 �P�v�;�;�7 �;�:�]�:�7 ���-�t�- �_ ���-�]�7 2011; Bright 

et al., 2013, 2015�8 ���-�1�h�v�o�m �;�| �-�t�:�7 2008; Kirschbaum et al., 2011�8 �"�f�p�t�b�; 

et al., 2013�Q�: �$�_�; ���������]�v ���!�u �)����  �u�;�r�o�u�| �v�b�l�b�t�-�u�t�‹ �v�|�-�|�;�v�7 �>�t�-�m�7 �†�v�; 

and land cover changes over the industrial period introduce a nega�J

tive radiative forcing by increasing the surface albedo. This effect has 

�b�m�1�u�;�-�v�;�7 �v�b�m�1�; �•�•�”�•�7 �u�;�-�1�_�b�m�] �1�†�u�u�;�m�| �ˆ�-�t�†�;�v �o�= �-�0�o�†�| �K�•�:�‘�•�S�)�l2 

�P�l�;�7�b�†�l �1�o�m�=�b�7�;�m�1�;�Q�? �Pmy italics�Q�: �,�;�m�] �;�| �-�t�: �_�b�]�_�t�b�]�_�| �v�b�l�b�t�-�u �=�b�m�7�J

�b�m�]�v �b�m �|�_�; ���������]�v ���!�”  �u�;�r�o�u�| �P�,�;�m�] �;�| �-�t�:�7 2017�Q�: ���-�m�‹ �|�_�†�v �-�v�v�†�l�; 

forest restoration warms the terrestrial surface by lowering surface 

�-�t�0�;�7�o �P�u�;�7�†�1�b�m�] �u�;�=�t�;�1�|�b�ˆ�b�|�‹�Q�7 �‰�_�b�t�; �|�_�; �;�t�b�l�b�m�-�|�b�o�m �o�= �=�o�u�;�v�| �1�o�ˆ�;�u 

�b�v �;�Š�r�;�1�|�;�7 �|�o �1�o�o�t �|�;�u�u�;�v�|�u�b�-�t �v�†�u�=�-�1�;�v �7�†�; �|�o �u�-�b�v�;�7 �v�†�u�=�-�1�; �-�t�0�;�7�o 

�P�b�m�1�u�;�-�v�;�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹�Q �P�v�;�;�7 �;�:�]�:�7 �	�-�ˆ�b�m �_ �7�; ���o�0�t�;�|�J�	�†�1�o�†�7�u�Ð�7 2010; 

Lawrence et al., 2022�8 �)�b�m�7�b�v�1�_ �;�| �-�t�:�7 2021�Q�:

The observational literature, however, highlights that deforesta�J

tion drives increasing sensible heat formation on terrestrial surfaces 

(Barnes et  al., 2023; Burakowski et  al., 2018�8 �
�;�m�] �_ �,�o�†�7 2019; 

���;�v�v�t�;�u�o�ˆ�™ �;�| �-�t�:�7 2013; Lejeune et al., 2018�8 ���1���t�r�b�m�; �;�| �-�t�:�7 2018; 

Pokorný et  al.,  2010, �‘�•�•�u�Q�: ���m�=�u�-�u�;�7 �|�_�;�u�l�o�]�u�-�r�_�b�1 �b�l�-�]�;�u�‹ 

(Figure 4�Q�7 �=�o�u �;�Š�-�l�r�t�;�7 �=�b�m�7�v �1�o�o�t�;�u �|�;�l�r�;�u�-�|�†�u�;�v �b�m �‰�;�t�t�J�‰�-�|�;�u�;�7 

forested landscapes, compared to cropland and barren surfaces 

(Ellison et  al.,  2017�8 ���;�v�v�t�;�u�o�ˆ�™ �;�| �-�t�:�7 2013; Pokorný et  al.,  2010, 

�‘�•�•�u�Q�: �"�†�u�=�-�1�; �-�t�0�;�7�o �-�m�7 �v�;�m�v�b�0�t�; �_�;�-�| �b�l�r�-�1�|�v �|�_�†�v �-�r�r�;�-�u �|�o �7�;�J

�r�;�m�7 �o�m �|�_�; �r�u�;�v�;�m�1�; �o�= �‰�;�t�t�J�‰�-�|�;�u�;�7 �$�
�(�� �-�m�7 �-�7�;�t�†�-�|�; �v�o�b�t �‰�-�|�;�u 

�v�|�o�u�-�]�;�: �"�b�m�1�; �v�o�b�t �l�o�b�v�|�†�u�; �t�o�v�v �-�m�7 �|�_�; �u�;�v�†�t�|�b�m�] �7�;�1�t�b�m�; �b�m �|�u�-�m�v�r�b�J

ration from closing stomata, on the other hand, favor the conversion 

�o�= �v�†�u�r�t�†�v �v�o�t�-�u �u�-�7�b�-�|�b�o�m �b�m�|�o �v�;�m�v�b�0�t�; �_�;�-�| �P�ˆ�-�m ���;�;�u�‰�-�-�u�7�;�m �_ 

Teuling, 2014�Q�7 �7�u�o�†�]�_�| �1�o�m�7�b�|�b�o�m�v �|�‹�r�b�1�-�t�t�‹ �t�;�-�7 �|�o �7�b�̂ �;�u�]�;�m�| �;�=�=�;�1�|�v�:

�$�_�; �b�m�|�;�u�-�1�|�b�o�m �o�= �r�t�-�m�|�v �‰�b�|�_ �v�†�m�t�b�]�_�|�7 �1�-�u�0�o�m �7�b�o�Š�b�7�;�7 �-�m�7 

water captures an important share of the sun's post-albedo �"�) 
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radiative energy and releases it into the atmosphere as latent heat 

�P���$�Q�7 �|�_�;�u�;�0�‹ �u�;�7�†�1�b�m�] �o�r�r�o�u�|�†�m�b�|�b�;�v �=�o�u �v�;�m�v�b�0�t�; �_�;�-�| �=�o�u�l�-�|�b�o�m 

�P�=�t�†�Š�;�v�Q �o�m �|�;�u�u�;�v�|�u�b�-�t �v�†�u�=�-�1�;�v�: �$�_�b�v �r�-�u�|�b�|�b�o�m�b�m�] �l�-�b�m�|�-�b�m�v �1�o�o�t�;�u 

�|�;�l�r�;�u�-�|�†�u�;�v �o�m �|�;�u�u�;�v�|�u�b�-�t �v�†�u�=�-�1�;�v�: �$�_�; �r�o�|�;�m�|�b�-�t �_�;�-�|�J�u�;�t�-�|�;�7�7 

�v�;�m�v�b�0�t�; �_�;�-�| �b�l�r�-�1�| �o�= �=�o�u�;�v�| �1�o�ˆ�;�u �b�v �t�-�u�]�;�t�‹ �m�;�†�|�u�-�t�b�Œ�;�7 �0�‹ �l�-�v�J

�v�b�ˆ�; �†�r�‰�-�u�7 �=�t�†�Š�;�v �o�= �t�-�|�;�m�| �_�;�-�|�7 �‰�_�b�1�_ �|�u�-�m�v�=�;�u �;�m�;�u�]�‹ �=�u�o�l �|�_�; 

land surface into the lower atmosphere (Pokorný et  al.,  2010, 

�‘�•�•�u�Q�: ���=�7 �o�m �|�_�; �o�|�_�;�u �_�-�m�7�7 �m�o �t�-�|�;�m�| �_�;�-�| �|�u�-�m�v�=�;�u �|�o �|�_�; �-�|�l�o�J

�v�r�_�;�u�; �o�1�1�†�u�v�7 �=�o�u �;�Š�-�l�r�t�;�7 �‰�_�;�m �‰�-�|�;�u �o�u �v�o�b�t �l�o�b�v�|�†�u�; �b�v �†�m�J

available, sensible heat formation on terrestrial surfaces will be 

significantly higher.

Over both dark and light surfaces with no evaporative or latent 

�_�;�-�| �=�t�†�Š�7 �u�;�l�-�b�m�b�m�] �r�o�v�|�J�-�t�0�;�7�o �v�o�t�-�u �u�-�7�b�-�|�b�o�m �b�v �1�o�m�ˆ�;�u�|�;�7 �b�m�|�o 

�- �v�;�m�v�b�0�t�; �_�;�-�| �=�t�†�Š�: ���ˆ�;�m �_�b�]�_�t�‹ �u�;�=�t�;�1�|�b�ˆ�; �P�_�b�]�_ �-�t�0�;�7�o�Q�7 �t�b�]�_�|�;�u�J

�1�o�t�o�u�;�7 �v�†�u�=�-�1�;�v �‰�b�|�_ �m�o �;�ˆ�-�r�o�u�-�|�b�ˆ�; �=�t�†�Š �P�;�:�]�:�7 �|�_�; �_�-�u�ˆ�;�v�|�;�7 

�l�;�-�7�o�‰ �-�m�7 �u�o�-�7 �v�†�u�=�-�1�;�v�Q �7�u�b�ˆ�; �]�u�;�-�|�;�u �v�;�m�v�b�0�t�; �_�;�-�| �=�o�u�l�-�|�b�o�m 

(Figure  4�Q�: ���o�‰�;�ˆ�;�u�7 �7�†�; �|�o �t�o�‰ �-�t�0�;�7�o�7 �7�-�u�h�;�u�J�1�o�t�o�u�;�7 �v�†�u�=�-�1�;�v 

�P�o�1�;�-�m�v�7 �o�r�;�m �‰�-�|�;�u �0�o�7�b�;�v�7 �=�o�u�;�v�|�;�7 �v�†�u�=�-�1�;�v�7 �;�|�1�:�Q �1�-�m �]�;�m�;�u�-�|�; 

�v�b�]�m�b�=�b�1�-�m�| �v�;�m�v�b�0�t�; �_�;�-�| �=�t�†�Š�;�v�7 �‰�b�|�_ �-�7�;�t�†�-�|�; �l�o�b�v�|�†�u�; �|�_�;�‹ �b�m�v�|�;�-�7 

�u�;�t�;�-�v�; �t�-�|�;�m�| �_�;�-�| �;�m�;�u�]�‹ �b�m�|�o �|�_�; �-�|�l�o�v�r�_�;�u�;�7 �|�_�;�u�;�0�‹ �m�;�†�|�u�-�t�b�Œ�b�m�] 

sensible heat formation and contributing to surface cooling. Further, 

while sensible heat warming effects range from local to regional, 

� 
 � � � � � & � ! � � � � � “ �J�$�_�; �|�;�l�r�;�u�-�|�†�u�; �b�l�r�-�1�| �o�= �v�†�u�=�-�1�; �-�t�0�;�7�o �-�m�7 �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š�: Source�9 ���7�-�r�|�;�7 �=�u�o�l ���;�v�v�t�;�u�o�ˆ�™ �;�| �-�t�: �P2013�Q�7 ���†�u�‹�m�- �-�m�7 
Pokorný (�‘�•�•�u�Q�7 �-�m�7 ���t�t�b�v�o�m �;�| �-�t�: �P2017 �Q�:
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�t�-�|�;�m�| �_�;�-�| �;�=�=�;�1�|�v �-�u�; �=�-�u �l�o�u�; �;�Š�r�-�m�v�b�ˆ�;�7 �u�-�m�]�b�m�] �=�-�u �b�m�|�o �|�_�; �t�o�‰�;�u 

atmosphere. Conventional descriptions, however, frequently con�J

�|�u�-�v�| �v�_�-�u�r�t�‹ �‰�b�|�_ �|�_�b�v �†�m�7�;�u�v�|�-�m�7�b�m�] �P�v�;�;�7 �;�:�]�:�7 ���-�1�h�v�o�m �;�| �-�t�:�7 2008�Q�:

Though latent heat formation keeps the land surface cool, es�J

timates of the potential global cooling/warming impact are more 

�1�o�l�r�t�b�1�-�|�;�7�: ���m�1�u�;�-�v�b�m�] �1�t�o�†�7 �r�u�o�7�†�1�|�b�o�m�7 �-�v �b�t�t�†�v�|�u�-�|�;�7 �0�‹ �- �t�†�b�1�h 

comparison with Figures 2 and 3 above, leads to increased downward 

���)  �u�-�7�b�-�|�b�o�m �|�o�‰�-�u�7 �|�_�; �t�-�m�7 �v�†�u�=�-�1�; �-�m�7 �- �7�;�1�t�b�m�; �b�m �o�†�|�]�o�b�m�] ���)  

radiation. Moreover, since increasing concentrations of CO2�F�������v  

�-�m�7 �1�t�o�†�7�v �P�‰�-�|�;�u �ˆ�-�r�o�u�Q �0�o�|�_ �-�1�| �-�v �������v�7 �|�_�;�b�u �r�;�u�v�b�v�|�;�m�| �-�1�1�†�J

mulation in the atmosphere appears to weaken any causal pathway 

�P�-�v�v�†�l�b�m�] �o�m�; �;�Š�b�v�|�v�7 �v�;�;�7 �;�:�]�:�7 ���o�t�l�-�m �_ �"�o�7�;�m�7 2021�8 ���;�;�ˆ�-�m�f�;�; 

et al., 2021, 2022; Makarieva et al., 2023�8 �"�|�;�ˆ�;�m�v �_ ���o�m�‹�7 2013�Q �0�‹ 

�‰�_�b�1�_ �- �v�_�-�u�; �o�= �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �l�b�]�_�| �l�o�ˆ�; �0�;�‹�o�m�7 �|�_�; �t�o�‰�;�u 

�-�|�l�o�v�r�_�;�u�; �-�m�7 �o�†�| �b�m�|�o �v�r�-�1�;�: �$�_�†�v�7 �‰�_�b�t�; �,�;�m�] �;�| �-�t�:�7 �=�o�u �;�Š�-�l�r�t�;�7 

suggest that increased ET is one of the principal drivers of cooling 

global temperatures (Zeng et al., 2017�Q�7 �|�_�; �;�ˆ�b�7�;�m�1�; �r�u�;�v�;�m�|�;�7 �_�;�u�; 

suggests something different: increasing latent heat production, 

cloud cover, and atmospheric CO2�F������  �1�o�m�1�;�m�|�u�-�|�b�o�m�v �_�b�m�7�;�u�v �|�_�; 

�r�o�|�;�m�|�b�-�t �v�r�-�1�;�J�0�o�†�m�7 �u�;�t�;�-�v�; �o�= �o�†�|�]�o�b�m�] ���)  �u�-�7�b�-�|�b�o�m�7 �=�†�u�|�_�;�u �;�Š�J

acerbating the climate problem.

Thus, the steadily increasing gap between annual emissions and 

the CO2 �7�u�-�‰�7�o�‰�m �t�b�h�;�t�‹ �;�Š�-�1�;�u�0�-�|�;�v �-�|�l�o�v�r�_�;�u�b�1 �=�;�;�7�0�-�1�h�7 �|�_�;�u�;�0�‹ 

�v�|�u�;�m�]�|�_�;�m�b�m�] �|�_�; �������: ���o�u�;�o�ˆ�;�u�7 �;�ˆ�b�7�;�m�1�; �v�†�]�]�;�v�|�v �|�_�; �t�o�‰�;�u �-�|�l�o�J

sphere has been warming over time, whereas the upper atmosphere 

�_�-�v �0�;�;�m �1�o�o�t�b�m�] �P�"�-�m�|�;�u �;�| �-�t�:�7 2023�8 �"�|�;�b�m�;�u �;�| �-�t�:�7 2020�Q�: �$�_�o�†�]�_ 

reduced CO2  � -�m�7  � �� �� �  � ;� l� b� v� v�b�o�m�v  � 1�o�†� t� 7  � b� l� r� u�o� ˆ� ;  � |� _�b� v  � v� b� |� †� -� |� b�o�m�7  � b�m�J

�1�u�;�-�v�;�v �b�m �|�_�; ���$�J�0�-�v�;�7 �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �-�u�; �t�b�h�;�t�‹ �m�;�†�|�u�-�t �-�m�7 �r�o�J

�|�;�m�|�b�-�t�t�‹ �;�ˆ�;�m �m�;�]�-�|�b�ˆ�; �‰�b�|�_ �u�;�v�r�;�1�| �|�o �]�t�o�0�-�t �1�o�o�t�b�m�]�: ���o�‰�;�ˆ�;�u�7 �-�v 

highlighted above, increased ET production does drive increased 

�1�t�o�†�7 �=�o�u�l�-�|�b�o�m �-�m�7 �|�_�†�v �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹�: �$�_�b�v �r�_�;�m�o�l�;�J

non, along with carbon sequestration, appears to compensate for 

any warming effects of increased latent heat production and raises 

the potential for global cooling with increased ET production.

� ” �J| �J �" � � � � � ��J  � � � � � � � 	 � � � � � ! � � �& � � � 	 �J � )� ��$� � � ! � � � " �$� � � ! � � � � � �� �
� � � � � 	 � � �$� � � � � � � ( � � � � � � �$� ��$� � � � � � � � � 	 � � � � � � � � � 	 � � � � � � � �� � 
� � � 
 � � � � �F� � �$

Observational data suggest that TFVC is integral to the storage and 

production of land surface E/ET (often referred to as terrestrial 

�;�ˆ�-�r�o�u�-�|�b�o�m�7 ���Q�7 �r�u�;�1�b�r�b�|�-�|�b�o�m �u�;�1�‹�1�t�b�m�]�7 �-�m�7 �|�_�; �-�ˆ�-�b�t�-�0�b�t�b�|�‹ �o�= �‰�-�|�;�u 

�-�1�u�o�v�v �|�_�; �t�-�m�7 �v�†�u�=�-�1�;�: �)�b�|�_�o�†�| �t�-�|�;�m�| �_�;�-�| �r�u�o�7�†�1�|�b�o�m�7 �‰�_�-�| �t�b�|�|�t�; 

rainfall originates from ocean E would travel primarily as overland 

flows to surface waters and eventually the oceans, thereby reduc�J

ing TFVC cooling impacts and rainfall and further promoting the 

�v�†�u�=�-�1�;�J�u�;�t�-�|�;�7 �v�;�m�v�b�0�t�; �_�;�-�| �=�t�†�Š�:

���v �- �1�o�m�1�;�r�|�7 E�Jvegetation dependence �b�v �m�o�| �‰�;�t�t �u�;�1�o�]�m�b�Œ�;�7�: 

���o�‰�;�ˆ�;�u�7 �|�u�-�m�v�r�b�u�-�|�b�o�m �_�-�v �0�;�;�m �;�v�|�b�l�-�|�;�7 �|�o �u�;�r�u�;�v�;�m�| �u�•�w�K�u�“�w 

of terrestrial E (Good et  al.,  2015�8 ���-�v�;�1�_�h�o �;�| �-�t�:�7 2013�8 ���o�m�;�v 

et al., 2022�8 �"�1�_�t�;�v�b�m�]�;�u �_ ���-�v�;�1�_�h�o�7 2014�Q�: �$�_�; �u�;�l�-�b�m�7�;�u �b�v �l�-�7�; 

up of interception, which ranges more broadly from 18% to 25% in 

�7�b�=�=�;�u�;�m�| �t�o�1�-�|�b�o�m�v �P���o�m�;�v �;�| �-�t�:�7 2022�8 �)�-�m�]�J���u�t�-�m�7�v�v�o�m �;�| �-�t�:�7 2014�Q�7 

�-�m�7 �v�o�b�t �;�ˆ�-�r�o�u�-�|�b�o�m�7 �‰�_�b�1�_ �l�-�‹  �u�;�r�u�;�v�;�m�| �-�m�o�|�_�;�u �•�•�w �P�)�-�m�]�J

Erlandsson et al., 2014�Q�: �$�_�; �u�;�l�-�b�m�b�m�] �� �1�o�l�;�v �=�u�o�l �t�-�m�7 �-�m�7 �=�u�;�v�_�J

�‰�-�|�;�u �v�†�u�=�-�1�;�v�: �"�b�m�1�; �|�_�; �v�_�-�u�; �o�= �‰�-�|�;�u �0�o�7�b�;�v �b�m �|�_�; �|�o�|�-�t �t�-�m�7 

�l�-�v�v �b�v �ˆ�;�u�‹ �v�l�-�t�t �P�-�r�r�u�o�Š�b�l�-�|�;�t�‹ �‘�w�7 �b�= �‰�;�|�t�-�m�7�v �-�u�; �b�m�1�t�†�7�;�7�7 �’�w�Q�7 

this remainder is likewise very small (Ellison et al., 2012�Q�: ���o�u�;�o�ˆ�;�u�7 

like transpiration, E from interception and soil evaporation primar�J

�b�t�‹ �7�;�r�;�m�7 �o�m �|�_�; �r�u�;�v�;�m�1�; �o�= �ˆ�;�]�;�|�-�|�b�o�m�: �"�o�b�t �;�ˆ�-�r�o�u�-�|�b�o�m �=�†�u�|�_�;�u 

strongly depends on the soil's infiltration capacity (favored by pref�J

�;�u�;�m�|�b�-�t �r�-�|�_�‰�-�‹�v �0�†�b�t�| �0�‹ �$�
�(���J�0�-�v�;�7 �u�o�o�| �v�‹�v�|�;�l�v�Q �-�m�7 �‰�-�|�;�u 

holding potential (favored by decomposed litterfall from vegetated 

�v�†�u�=�-�1�;�v �-�m�7 �v�o�b�t �1�-�u�0�o�m �1�o�m�|�;�m�|�Q �P���-�u�]�†�Ð�v�J�$�o�0�;�t�t�- �;�| �-�t�:�7 2020; 

Ellison et  al.,  2017�8 ���t�v�|�;�7�| �;�| �-�t�:�7 �‘�•�•�u�Q�: �$�_�†�v�7 �‰�b�|�_�o�†�| �ˆ�;�]�;�|�-�|�b�o�m�7 

interception and soil evaporation will approach 0.

TFVC is more commonly thought of as the natural outcome of 

�‰�-�|�;�u �-�ˆ�-�b�t�-�0�b�t�b�|�‹ �o�m �t�-�m�7 �v�†�u�=�-�1�;�v�: �+�;�| �$�
�(�� �r�u�;�v�;�m�1�; �P�-�0�v�;�m�1�;�Q 

�v�b�l�†�t�|�-�m�;�o�†�v�t�‹ �7�u�b�ˆ�;�v �P�t�b�l�b�|�v�Q �|�_�; �-�ˆ�-�b�t�-�0�b�t�b�|�‹ �o�= �‰�-�|�;�u �0�‹ �1�o�m�|�u�b�0�†�|�J

ing to infiltration, soil moisture storage, and precipitation recycling. 

�)�b�|�_�o�†�| �b�m�=�b�t�|�u�-�|�b�o�m �r�o�|�;�m�|�b�-�t �-�m�7 �‰�b�|�_ �7�;�]�u�-�7�b�m�] �-�m�7 �1�o�l�r�-�1�|�b�m�] 

�v�o�b�t�v�L�-�t�t �1�o�m�v�;�t�†�;�m�1�;�v �o�= �7�;�=�o�u�;�v�|�-�|�b�o�m �-�m�7 �t�-�m�7�v�1�-�r�; �7�;�]�u�-�7�-�J

�|�b�o�m�L�;�l�-�b�m�b�m�] �u�-�b�m�=�-�t�t �‰�b�t�t �t�†�b�1�h�t�‹ �|�†�u�m �b�m�|�o �o�ˆ�;�u�t�-�m�7 �=�t�o�‰�v�7 �l�o�ˆ�b�m�] 

�u�-�r�b�7�t�‹ �|�o �v�†�u�=�-�1�; �‰�-�|�;�u�v�: �� �=�u�o�l �v�†�u�=�-�1�; �‰�-�|�;�u�v�7 �_�o�‰�;�ˆ�;�u�7 �b�v �=�b�Š�;�7 

by surface area, temperature, and turbulence and represents a 

�1�o�l�r�-�u�-�|�b�ˆ�;�t�‹ �v�l�-�t�t �v�_�-�u�; �o�= �t�-�m�7�J�0�-�v�;�7 ���: ���= vegetation-dependent 

E �P�v�†�l�l�b�m�] �|�u�-�m�v�r�b�u�-�|�b�o�m�7 �b�m�|�;�u�1�;�r�|�b�o�m�7 �-�m�7 �v�o�b�t �;�ˆ�-�r�o�u�-�|�b�o�m�Q �u�-�m�]�;�v 

between 88% and 99% of total terrestrial E, then the total share 

�o�= �|�;�u�u�;�v�|�u�b�-�t �� �r�u�o�7�†�1�;�7 �‰�b�|�_�o�†�| �$�
�(�� �u�-�m�]�;�v �=�u�o�l �-�r�r�u�o�Š�b�l�-�|�;�t�‹ 

�•�w�K�•�‘�w �o�= �|�o�|�-�t �P�u�;�7�†�1�;�7�Q �|�;�u�u�;�v�|�u�b�-�t ���:

The occurrence of E in any magnitude on land surfaces thus 

requires some degree of infiltration, soil moisture storage and pre�J

�1�b�r�b�|�-�|�b�o�m �u�;�1�‹�1�t�b�m�]�7 �-�t�t �o�= �‰�_�b�1�_ �-�u�; �$�
�(���J�7�;�r�;�m�7�;�m�| �P���v�0�f�o�u�m�v�;�m 

et  al.,  2022�8 ���-�u�]�†�Ð�v �$�o�0�;�t�t�- �;�| �-�t�:�7 2014, 2020 �8 ���u�†�b�f�m�Œ�;�;�t�7 2004; 

Ellison et  al.,  2017�8 ���t�t�b�v�o�m �_  ���=�;�f�b�h�- �"�r�;�u�-�m�Œ�-�7 2020 �8 ���t�v�|�;�7�| 

et  al.,  �‘�•�•�u�8 �"�_�;�b�t �_ ���-�u�]�†�Ð�v�J�$�o�0�;�t�t�-�7 2020�Q�: ���;�1�-�†�v�; �|�;�u�u�;�v�|�u�b�-�t 

�v�†�u�=�-�1�; �‰�-�|�;�u �-�ˆ�-�b�t�-�0�b�t�b�|�‹ �P�b�:�;�:�7 �v�|�o�u�-�]�;�Q�7 �v�o�b�t �‰�-�|�;�u �b�m�=�b�t�|�u�-�|�b�o�m �-�m�7 

�]�u�o�†�m�7�‰�-�|�;�u �u�;�1�_�-�u�]�; �-�u�; �t�-�u�]�;�t�‹ �ˆ�;�]�;�|�-�|�b�o�m�J�7�;�r�;�m�7�;�m�|�7 �v�o�b�t �‰�-�|�;�u 

�1�o�m�|�;�m�| �b�v �t�b�h�;�‰�b�v�; �t�-�u�]�;�t�‹ �- �=�†�m�1�|�b�o�m �o�= �$�
�(�� �r�u�;�v�;�m�1�; �P�-�0�v�;�m�1�;�Q�: 

Figure 5 highlights these basic relationships and contrasts a domi-

nant paradigm with an updated paradigm. The relative importance of 

�|�_�b�v �v�_�b�=�| �b�m �|�_�b�m�h�b�m�] �-�0�o�†�| �$�
�(���K�‰�-�|�;�u �u�;�t�-�|�b�o�m�v�_�b�r�v �-�| �|�_�; �t�;�ˆ�;�t �o�= 

�v�o�b�t�K�‰�-�|�;�u �b�m�|�;�u�-�1�|�b�o�m�v �-�m�7 �r�u�;�1�b�r�b�|�-�|�b�o�m �u�;�1�‹�1�t�b�m�] �r�o�|�;�m�|�b�-�t �1�-�m�m�o�| 

be overstated. Previous models suggest soil water infiltration and 

�]�u�o�†�m�7�‰�-�|�;�u �u�;�1�_�-�u�]�; �‰�;�u�; �-�| �|�_�;�b�u �l�-�Š�b�l�†�l �‰�b�|�_�o�†�| �$�
�(���: �)�; 

�m�o�‰ �h�m�o�‰ �|�_�b�v �b�v �m�o�| �|�_�; �1�-�v�;�: �)�b�|�_�o�†�| �$�
�(���7 �v�o�b�t �v�†�u�=�-�1�;�v �7�;�]�u�-�7�; 

�-�m�7 �1�o�l�r�-�1�|�7 �=�†�u�|�_�;�u �=�-�1�b�t�b�|�-�|�b�m�] �o�ˆ�;�u�t�-�m�7 �=�t�o�‰�: �)�b�|�_�o�†�| �$�
�(���7 �u�-�b�m�J

fall turns almost immediately into overland flow and surface runoff, 

thereby returning more rapidly to the oceans without being stored 

on terrestrial surfaces or recycled for additional downwind rainfall.

�$�_�; �r�u�;�v�;�m�1�; �P�-�0�v�;�m�1�;�Q �o�= �$�
�(���7 �|�_�†�v�7 �7�;�|�;�u�l�b�m�;�v �ˆ�-�u�b�-�|�b�o�m �b�m 

�|�_�; �-�ˆ�-�b�t�-�0�b�t�b�|�‹ �o�= �‰�-�|�;�u �-�m�7 �|�_�; �u�;�1�‹�1�t�b�m�] �o�= �‰�-�|�;�u �P�u�-�b�m�=�-�t�t�Q �o�m �|�_�; 

�t�-�m�7 �v�†�u�=�-�1�;�: �	�†�; �|�o �|�_�; �u�o�t�; �‰�-�|�;�u �v�|�o�u�-�]�; �-�m�7 �r�u�;�1�b�r�b�|�-�|�b�o�m �u�;�1�‹�J

cling play in total rainfall over land surfaces, without TFVC, annual 

rainfall amounts would decline significantly. The complete loss of 
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�$�
�(�� �-�m�7 �r�u�;�1�b�r�b�|�-�|�b�o�m �u�;�1�‹�1�t�b�m�] �‰�o�†�t�7 �†�t�|�b�l�-�|�;�t�‹ �l�;�-�m �|�_�-�| �t�-�m�7�J

�0�-�v�;�7 �u�-�b�m�=�-�t�t �‰�o�†�t�7 �7�;�1�t�b�m�; �0�‹ �-�v �l�†�1�_ �-�v �u�•�w�7 �-�r�r�u�o�Š�b�l�-�|�b�m�] �|�_�; 

�o�1�;�-�m�b�1 �1�o�m�|�u�b�0�†�|�b�o�m �|�o �u�-�b�m�=�-�t�t �o�m �t�-�m�7�7 �-�r�r�u�o�Š�: �“�”�7�•�•�•�S�h�l3 (com�J

�r�-�u�;�7 �|�o �|�o�7�-�‹�]�v �•�•�‘�7�•�•�•�S�h�l3�Q�: �$�_�†�v�7 �‰�_�b�t�; �v�o�l�; �;�Š�r�;�1�| �� �|�o �o�1�1�†�u 

�;�ˆ�;�m �‰�b�|�_�o�†�| �$�
�(��  �P�7�o�l�b�m�-�m�| �r�-�u�-�7�b�]�l�Q�7 �|�_�; �†�r�7�-�|�;�7 �r�-�u�-�7�b�]�l 

strongly suggests the opposite.

The potential range of variation in rainfall and water availability is 

immense. Currently, annual rainfall over land surfaces is somewhere 

�-�u�o�†�m�7 �•�•�‘�7�•�•�•�S�h�l3�: ���o�‰�;�ˆ�;�u�7 �-�v �v�†�]�]�;�v�|�;�7 �b�m Table 1 above, TFVC 

loss has presumably led to a significant decline in both annual rain�J

fall and the availability of water on the land surface. Though esti�J

mates like those in Table 1 have previously been generated (Ellison 

et al., 2019; Kleidon et al., 2000�8 �)�-�m�]�J���u�t�-�m�7�v�v�o�m �;�| �-�t�:�7 2018�Q�7 �u�;�J

cords of the total annual rainfall that occurred with preanthropo �J

genic modification of the natural landscape are inadequate and the 

�r�o�|�;�m�|�b�-�t �;�Š�|�;�m�| �o�= �-�7�7�b�|�b�o�m�-�t �u�-�b�m�=�-�t�t �‰�b�|�_ �-�7�7�b�|�b�o�m�-�t �$�
�(�� �u�;�l�-�b�m�v 

uncertain.

���m�; �r�o�b�m�| �b�v �1�t�;�-�u�9 �b�= �|�_�; �u�;�t�-�|�b�ˆ�; �;�Š�|�;�m�|�7 �-�ˆ�-�b�t�-�0�b�t�b�|�‹�7 �-�m�7 �1�b�u�1�†�t�-�J

tion of water drive temperature change, then surface albedo is not 

the predominant factor driving local and global warming/cooling. 

The inverse logic inherent in this discussion requires greater atten�J

�|�b�o�m�: �"�b�m�1�; �u�-�b�v�;�7 �-�t�0�;�7�o �b�v �r�;�u�1�;�b�ˆ�;�7 �|�o �7�u�b�ˆ�; �t�o�1�-�t �-�m�7 �]�t�o�0�-�t �1�o�o�t�J

ing potential toward the outer latitudes, the supposed link between 

lowered albedo and surface and climate warming suggests that we 

�v�_�o�†�t�7 �7�;�=�o�u�;�v�| �|�;�u�u�;�v�|�u�b�-�t �t�-�m�7�v�1�-�r�;�v�: ���=�7 �o�m �|�_�; �o�|�_�;�u �_�-�m�7�7 �|�_�; �;�Š�J

tent, availability, and circulation of water drives surface and climate 

cooling/warming, then TFVC loss across the land surface would ulti�J

mately have dire consequences.

�$�_�;�v�; �r�o�b�m�|�v �_�-�ˆ�; �b�l�r�o�u�|�-�m�| �b�l�r�t�b�1�-�|�b�o�m�v �=�o�u �|�_�; �t�b�h�;�t�‹ �P�†�m�7�;�u�J�Q

representation of the consequences of deforestation in climate 

models and require further study. Progressive deforestation has two 

�l�-�f�o�u �1�o�m�v�;�t�†�;�m�1�;�v �=�o�u �1�_�-�m�]�;�v �b�m �|�_�; ���-�u�|�_�]�v �;�m�;�u�]�;�|�b�1 �;�Š�1�_�-�m�]�; 

between the terrestrial surface and the atmosphere. For one, by 

�u�;�7�†�1�b�m�] �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š�7 �7�;�=�o�u�;�v�|�-�|�b�o�m �-�t�t�o�‰�v �v�;�m�v�b�0�t�; �_�;�-�| �|�o 

invade the land surface. For another, the loss of TFVC further means 

the loss of water storage and circulation across terrestrial surfaces. 

Less water will thus be available for E/ET heat transfer into the at�J

mosphere. Most importantly, the progressive loss of TFVC means 

that both precipitation recycling and cooling potential will be re �J

�7�†�1�;�7 �|�o �- �l�b�m�b�l�†�l�7 �=�†�u�|�_�;�u �u�-�b�v�b�m�] �|�_�; �u�;�t�-�|�b�ˆ�; �v�;�m�v�b�0�t�; �_�;�-�| �=�t�†�Š 

on the land surface.

�$�_�; �l�-�Š�b�l�†�l �r�o�|�;�m�|�b�-�t �1�t�b�l�-�|�; �0�;�m�;�=�b�| �b�v �|�_�†�v �r�u�;�v�†�l�-�0�t�‹ 

achieved when the greatest potential TFVC is present on the land 

surface. Moreover, the relative intensity of the hydrologic cycle 

�-�1�u�o�v�v �|�_�; �t�-�m�7 �v�†�u�=�-�1�; �7�;�|�;�u�l�b�m�;�v �|�_�; �r�o�|�;�m�|�b�-�t �;�Š�|�;�m�| �-�m�7 �l�-�]�m�b�J

�|�†�7�; �o�= �0�b�o�l�-�v�v �r�u�o�7�†�1�|�b�o�m �P�1�-�u�0�o�m �v�;�t�†�;�v�|�u�-�|�b�o�m�Q �o�m �|�_�; �t�-�m�7 �v�†�u�J

face. The sequestration of additional carbon and the circulation of 

�-�7�7�b�|�b�o�m�-�t �‰�-�|�;�u �u�;�v�o�†�u�1�;�v �-�u�; �;�Š�r�t�b�1�b�|�t�‹ �b�m�|�;�u�-�1�|�b�ˆ�; �-�m�7 �b�m�|�;�u�7�;�r�;�m�J

dent processes with enormous and direct cooling/warming poten�J

tial. Not only will such systems store more water across terrestrial 

surfaces, likewise, they will recycle larger amounts of precipitation 

�-�m�7 �l�-�h�; �l�o�u�; �‰�-�|�;�u �-�ˆ�-�b�t�-�0�t�; �|�o �7�o�‰�m�‰�b�m�7 �t�o�1�-�|�b�o�m�v�: �"�†�1�_ �v�‹�v�J

tems will further provide greater amounts of latent heat production 

�-�m�7 �v�†�u�=�-�1�; �1�o�o�t�b�m�] �r�o�‰�;�u �-�m�7 �-�u�; �|�_�;�u�;�=�o�u�; �t�b�h�;�t�‹ �|�o �l�-�Š�b�l�b�Œ�; �1�-�u�J

bon sequestration, atmospheric moisture production, cloud forma�J

tion, and thus, global cooling.

� 
 � � � � � & � ! � � � � � ” �J�	�o�l�b�m�-�m�| �-�m�7 �†�r�7�-�|�;�7 �r�-�u�-�7�b�]�l�v�9 �v�o�b�t �‰�-�|�;�u �b�m�=�b�t�|�u�-�|�b�o�m�7 �]�u�o�†�m�7�‰�-�|�;�u �u�;�1�_�-�u�]�; �-�m�7 �|�_�; �;�ˆ�-�r�o�|�u�-�m�v�r�b�u�-�|�b�o�m �P���$�Q �u�;�]�b�l�;�: 
���7�-�r�|�;�7 �o�m �|�_�; �0�-�v�b�v �o�= �l�†�t�|�b�r�t�; �v�o�†�u�1�;�v �P���v�0�f�o�u�m�v�;�m �;�| �-�t�:�7 2022�8 ���-�u�]�†�Ð�v �$�o�0�;�t�t�- �;�| �-�t�:�7 2014, 2020; Ellison et al., 2017�8 ���t�t�b�v�o�m �_ ���=�;�f�b�h�- 
�"�r�;�u�-�m�Œ�-�7 2020 �8 ���t�v�|�;�7�| �;�| �-�t�:�7 �‘�•�•�u�8 �"�_�;�b�t �_ ���-�u�]�†�Ð�v�J�$�o�0�;�t�t�-�7 2020�Q�: ���u�o�v�v�J�_�-�|�1�_�b�m�] �b�m�7�b�1�-�|�;�v �7�o�l�b�m�-�m�| �r�-�u�-�7�b�]�l �-�| �t�o�‰�;�u �t�;�ˆ�;�t�v �o�= �|�u�;�; 
and forest cover, while solid colors indicate the updated view. Controversy about soil water infiltration, groundwater recharge and soil 
�;�ˆ�-�r�o�u�-�|�b�o�m �]�;�m�;�u�-�t�t�‹ �1�o�m�1�;�u�m�8 �P�•�Q �‰�_�-�| �_�-�r�r�;�m�v �‰�b�|�_ �t�;�v�v �|�u�;�;�7 �=�o�u�;�v�|�7 �-�m�7 �ˆ�;�]�;�|�-�|�b�o�m �1�o�ˆ�;�u �P�$�
�(���Q �-�m�7 �P�‘�Q �|�_�; �r�u�b�m�1�b�r�-�t �7�b�=�=�;�u�;�m�1�;�v 
between outcomes under low and median TFVC conditions. There is general agreement about high TFVC conditions, but much of the 
�t�b�|�;�u�-�|�†�u�; �_�-�v �|�;�m�7�;�7 �|�o �m�;�]�t�;�1�| �v�|�†�7�‹ �o�= �|�_�; �t�-�u�]�;�u�J�v�1�-�t�; �$�
�(�� �b�l�r�-�1�|�v �o�m �|�_�; ���$ �u�;�]�b�l�;�7 �7�o�‰�m�‰�b�m�7 �u�-�b�m�=�-�t�t�7 �-�m�7 �‰�-�|�;�u �v�†�r�r�t�‹�:



�J�M�J |�J �•�•���o�=���‘�•ELLISON ET AL.

Presumably, the availability of land and the ability of sunlight to 

�u�;�-�1�_ �|�_�; �t�-�m�7 �v�†�u�=�-�1�; �v�;�| �t�b�l�b�|�v �|�o �|�_�; �r�o�|�;�m�|�b�-�t �;�Š�r�-�m�v�b�o�m �-�m�7 �b�m�J

tensification of carbon and water resource use. Temperature varia�J

�|�b�o�m�v �u�;�v�†�t�|�b�m�] �=�u�o�l �|�_�; �;�Š�r�-�m�v�b�o�m �P�1�o�m�|�u�-�1�|�b�o�m�Q �o�= �$�
�(�� �-�m�7 �u�;�t�-�|�b�ˆ�; 

hydrologic intensity, set additional limits on photosynthesis: increas�J

�b�m�] �1�t�o�†�7 �1�o�ˆ�;�u�7 �=�o�u �;�Š�-�l�r�t�;�7 �1�u�;�-�|�;�v �t�b�l�b�|�v �|�o �r�_�o�|�o�v�‹�m�|�_�;�v�b�v �0�‹ �u�;�J

�7�†�1�b�m�] �b�m�1�o�l�b�m�] �"�) �u�-�7�b�-�|�b�o�m �-�m�7 �t�o�‰�;�u�b�m�] �|�;�l�r�;�u�-�|�†�u�;�v�:

�"�†�1�_ �- �ˆ�b�;�‰ �1�o�m�|�u�-�v�|�v �v�_�-�u�r�t�‹ �‰�b�|�_ �v�†�]�]�;�v�|�b�o�m�v �|�_�-�| �7�;�=�o�u�;�v�|�-�J

tion raises surface albedo and leads to surface cooling. On the 

�1�o�m�|�u�-�u�‹�7 �=�o�u�;�v�| �v�†�u�=�-�1�; �-�t�0�;�7�o �b�v �t�-�u�]�;�t�‹ �m�;�†�|�u�-�t�b�Œ�;�7 �0�‹ �|�_�; �$�
�(�� 

interaction with water, the production of latent heat, its energetic 

transfer from the surface to the lower atmosphere, and cloud forma�J

�|�b�o�m�: �"�†�1�_ �- �r�;�u�v�r�;�1�|�b�ˆ�; �b�v �v�†�r�r�o�u�|�;�7 �0�‹ �|�_�; �o�0�v�;�u�ˆ�-�|�b�o�m�-�t �u�;�1�o�u�7�7 

which suggests deforestation leads to warming surface tempera�J

tures (Barnes et  al.,  2023; Burakowski et  al.,  2018�8 ���;�v�v�t�;�u�o�ˆ�™ 

et  al.,  2013; Lejeune et al.,  2018�8 ���1���t�r�b�m�; �;�| �-�t�:�7 2018; Pokorný 

et al., 2010, �‘�•�•�u�8 �)�b�m�1�h�t�;�u �;�| �-�t�:�7 2019; Zeng et al., 2017�Q�:

�u �J| �J � � � ��$ � � �$ �&� 	 � � � � � � � 
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� � � � � �� �
� � � � � � � � � 	 � � � � � � � � � 	 � � �$ � � � � � � � � � ��$ � � � � �$ � � � � � � � ��$ � � � 
 � � �&�*

Toward the outer latitudes, TFVC is increasingly perceived to 

�_�-�ˆ�; �r�o�|�;�m�|�b�-�t�t�‹ �1�o�m�=�t�b�1�|�b�m�] �b�l�r�-�1�|�v �o�m �]�t�o�0�-�t �‰�-�u�l�b�m�] �P�	�-�ˆ�b�m 

�_ �7�; ���o�0�t�;�|�J�	�†�1�o�†�7�u�Ð�7 2010; Lawrence et  al.,  2022�8 �)�b�m�7�b�v�1�_ 

et  al.,  2021�Q�: �$�‰�o �|�o �|�_�u�;�; �=�-�1�|�o�u�v �7�u�b�ˆ�; �|�_�;�v�; �1�o�l�r�;�|�b�m�] �1�t�-�b�l�v 

�-�0�o�†�| �=�o�u�;�v�| �b�l�r�-�1�|�v�: ���m�; �b�v �u�;�7�†�1�;�7 �t�-�|�;�m�| �_�;�-�| �P���$�Q �r�u�o�7�†�1�|�b�o�m �-�v 

one moves toward the outer latitudes. The second is the increased 

potential for snow cover, which is diminished/improved by raising/

lowering forest cover. Third, some argue that deforestation drives 

�1�o�o�t�b�m�] �0�;�1�-�†�v�; �u�;�7�†�1�;�7 �-�|�l�o�v�r�_�;�u�b�1 �l�o�b�v�|�†�u�; �P�7�†�; �|�o �u�;�7�†�1�;�7 ���$�Q 

has the effect of reducing the total amount of longwave radiation 

�|�u�-�m�v�=�;�u�u�;�7 �=�u�o�l �|�_�; �-�|�l�o�v�r�_�;�u�; �0�-�1�h �|�o �|�_�; �o�1�;�-�m �v�†�u�=�-�1�; �P�	�-�ˆ�b�m �_ 

�7�; ���o�0�t�;�|�J�	�†�1�o�†�7�u�Ð�7 2010�Q�:

�$�_�o�†�]�_ �b�m �v�†�l�l�;�u�|�b�l�;�7 �=�o�u�;�v�| �1�o�ˆ�;�u �b�v�7 �o�ˆ�;�u�-�t�t�7 �v�|�b�t�t �;�Š�r�;�1�|�;�7 �|�o 

�_�-�ˆ�; �- �1�o�o�t�b�m�] �;�=�=�;�1�|�7 �‰�b�m�|�;�u�|�b�l�; �b�l�r�-�1�|�v �-�u�; �l�o�u�; �1�o�l�r�t�;�Š�: ���o�u�;�-�t 

forest cover has winter warming impacts because, with reduced 

wintertime ET, forest surface albedo warms the surrounding envi�J

�u�o�m�l�;�m�|�: ���b�h�;�‰�b�v�;�7 �b�m�1�u�;�-�v�;�v �b�m �=�o�u�;�v�| �1�o�ˆ�;�u �u�;�7�†�1�; �|�_�; �;�Š�|�;�m�| �o�= 

�u�;�=�t�;�1�|�b�ˆ�;�7 �v�m�o�‰�J�1�o�ˆ�;�u�;�7 �v�†�u�=�-�1�;�v�: ���†�|�;�u �t�-�|�b�|�†�7�; �v�†�u�=�-�1�; �-�t�0�;�7�o 

warming effects are thus reportedly more intense and some suggest 

wintertime TFVC warming can even be transferred to the regional at�J

�l�o�v�r�_�;�u�; �-�m�7 �o�1�;�-�m �v�†�u�=�-�1�;�v �P�	�-�ˆ�b�m �_ �7�; ���o�0�t�;�|�J�	�†�1�o�†�7�u�Ð�7 2010; 

Lawrence et al., 2022; Lee et al., 2011�8 �)�b�m�7�b�v�1�_ �;�| �-�t�:�7 2021�Q�:

�"�;�;�m�7 �_�o�‰�;�ˆ�;�u�7 �=�u�o�l �|�_�; �r�;�u�v�r�;�1�|�b�ˆ�; �o�= �|�_�; �1�t�;�-�u �-�m�7 �-�t�t �v�h�‹ 

energy budgets (Figures  2 and 3 �-�0�o�ˆ�;�Q�7 �v�†�1�_ �1�o�m�1�;�u�m�v �v�;�;�l �b�t�t�J

�=�o�†�m�7�;�7�: �)�_�b�t�; �|�_�; �|�_�;�u�l�-�t �;�Š�1�_�-�m�]�; �o�= ���)  �u�-�7�b�-�|�b�o�m �=�u�o�l �|�_�; 

surface to space is facilitated by the reduction of TFVC, the simul�J

�|�-�m�;�o�†�v �b�m�1�u�;�-�v�; �b�m �"�)  �u�-�7�b�-�|�b�o�m �|�o �|�_�; �v�†�u�=�-�1�; �7�†�; �|�o �|�_�; �t�o�v�v �o�= 

ET production and cloud formation is significantly greater, far out�J

�‰�;�b�]�_�b�m�] �-�m�‹ �0�;�m�;�=�b�|�v �=�u�o�l �|�_�; �u�;�t�;�-�v�; �o�= �o�†�|�]�o�b�m�] ���)  �u�-�7�b�-�|�b�o�m�: 

�"�†�1�_ �=�-�1�|�o�u�v �-�u�; �1�o�l�r�o�†�m�7�;�7 �0�‹ �|�_�; �1�o�l�r�-�u�-�|�b�ˆ�;�t�‹ �t�o�m�] �r�;�u�b�o�7 �o�= 

�v�†�l�l�;�u�|�b�l�; �v�†�m �;�Š�r�o�v�†�u�;�: �� �v�;�1�o�m�7 �b�v�v�†�; �1�o�m�1�;�u�m�v �|�_�; �r�;�u�1�;�r�|�b�o�m 

�|�_�-�| �|�_�; �o�†�|�;�u �t�-�|�b�|�†�7�;�v �r�u�o�7�†�1�; �>�t�;�v�v�? ���$�: �)�_�b�t�; �|�_�b�v �b�v �|�u�†�;�7 �|�_�;�v�; 

regions are well known to be “energy limited” (as well as nutrient 

�t�b�l�b�|�;�7 ��	X�]�0�;�u�] �;�| �-�t�:�7 2017; Norby et al., 2010�Q�7 �0�†�| �m�o�| �>�‰�-�|�;�u �t�b�l�J

ited,” meaning they produce less ET in part because they receive 

�t�;�v�v �b�m�1�o�l�b�m�] �"�)  �u�-�7�b�-�|�b�o�m �P�$�u�;�m�0�;�u�|�_�7 2022�Q�7 �‰�_�b�1�_ �=�†�u�|�_�;�u �b�l�r�-�1�|�v 

�|�_�; �r�-�u�|�b�|�b�o�m�b�m�] �o�= �"�)  �u�-�7�b�-�|�b�o�m �b�m�|�o �v�;�m�v�b�0�t�; �-�m�7 �t�-�|�;�m�| �_�;�-�|�: �"�b�l�r�t�‹ 

put, less energy is available for sensible heat formation. Likewise, 

wintertime solar radiation potential is further reduced by the Earth's 

tilt and surface curvature, and by the reduced amount of time during 

�v�†�m�t�b�]�_�| �=�-�t�t�v �o�m �|�_�; �o�†�|�;�u �u�;�-�1�_�;�v �o�= �|�_�; ���o�u�|�_�;�u�m ���;�l�b�v�r�_�;�u�; �P�����Q�: 

�
�o�u �|�_�;�v�; �u�;�-�v�o�m�v�7 �$�
�(���J�0�-�v�;�7 �v�†�u�=�-�1�; �-�t�0�;�7�o �;�=�=�;�1�|�v �-�u�; �t�b�h�;�t�‹ �|�o 

have only limited impacts on total, net cooling/warming potential.

�$�_�; �=�o�1�†�v �o�m �|�_�; �v�†�u�=�-�1�; �-�t�0�;�7�o �0�;�m�;�=�b�|�v �o�= �v�m�o�‰�J�1�o�ˆ�;�u�;�7 �v�†�u�J

faces is not surprising given their significant and comparatively 

�7�u�-�l�-�|�b�1 �1�o�o�t�b�m�] �0�;�m�;�=�b�|�v�: ���o�‰�;�ˆ�;�u�7 �-�m �-�t�|�;�u�m�-�|�b�ˆ�; �-�m�-�t�‹�v�b�v �l�b�]�_�| 

consider how best to promote increased snowfall, as opposed to 

�_�o�‰ �|�o �u�;�7�†�1�; �=�o�u�;�v�| �u�;�v�|�o�u�-�|�b�o�m �b�m �|�_�; �����7 �-�m�7�F�o�u �r�u�o�l�o�|�; �|�_�; �u�;�J

�l�o�ˆ�-�t �o�= �|�u�;�; �1�o�ˆ�;�u �-�m�7 �o�|�_�;�u �ˆ�;�]�;�|�-�|�;�7 �v�†�u�=�-�1�;�v�: �"�m�o�‰ �7�;�r�o�v�b�|�b�o�m�7 

like rainfall, is driven by total amounts of moisture present in the 

�-�|�l�o�v�r�_�;�u�;�: �)�b�|�_ �u�;�7�†�1�;�7 �$�
�(���7 �‰�; �v�_�o�†�t�7 �;�Š�r�;�1�| �u�;�7�†�1�|�b�o�m�v �b�m 

atmospheric moisture and cloud cover. Moreover, in the outer lat�J

itudes, to some degree, wintertime TFVC warming and reduced ET 

production are presumably welcome, since, in some of the colder 

�m�o�u�|�_�;�u�m �u�;�]�b�o�m�v �o�= �|�_�; �0�o�u�;�-�t�7 �|�;�l�r�;�u�-�|�†�u�;�v �1�-�m �;�Š�1�;�;�7 �´�’�•�f�� 

�P�;�:�]�:�7 �-�1�u�o�v�v �l�†�1�_ �o�= �m�o�u�|�_�;�u�m �"�1�-�m�7�b�m�-�ˆ�b�-�7 �!�†�v�v�b�-�7 ���-�m�-�7�-�Q�:

���m�1�u�;�-�v�;�7 ���$ �=�u�o�l �]�u�;�-�|�;�u �-�l�o�†�m�|�v �o�= �=�o�u�;�v�| �1�o�ˆ�;�u �_�-�v �b�l�r�o�u�|�J

ant advantages, that is, increased atmospheric moisture production 

�-�m�7 �1�t�o�†�7 �1�o�ˆ�;�u�: �$�_�;�v�; �=�-�1�|�o�u�v �P�•�Q �h�;�;�r ���-�u�|�_ �v�†�u�=�-�1�;�v �=�u�o�l �]�-�|�_�J

�;�u�b�m�] �v�;�m�v�b�0�t�; �_�;�-�| �-�m�7 �P�‘�Q �b�m�1�u�;�-�v�; �|�o�|�-�t �-�l�o�†�m�|�v �o�= �|�o�r�J�o�=�J�1�t�o�†�7 

�"�)  �u�;�=�t�;�1�|�b�ˆ�b�|�‹ �0�-�1�h �|�o�‰�-�u�7 �v�r�-�1�;�: ���o�u�;�o�ˆ�;�u�7 �|�_�; �b�m�1�u�;�-�v�;�7 �1�-�u�0�o�m 

sequestration that accompanies increased forest cover further im�J

proves the annual drawdown of atmospheric CO2. Finally, the loss of 

cloud cover associated with reduced total amounts of ET production 

may be quite negative for things like solar radiation falling on the 

���u�1�|�b�1 ���b�u�1�t�; �-�m�7 ���u�;�;�m�t�-�m�7�: ���o�=�;�u �;�| �-�t�: �P2017 �Q�7 �=�o�u �;�Š�-�l�r�t�;�7 �=�b�m�7 

that recent declines in cloud cover are driving abrupt increases in the 

Greenland ice melt. Zeng et al. (2017 �Q �t�b�h�;�‰�b�v�; �v�†�]�]�;�v�| �|�_�-�| �u�;�7�†�1�;�7 

ET is likely to have negative warming effects. These studies further 

overlap neatly with the analysis of Figures 2 and 3, and further sug�J

�]�;�v�| �v�†�1�_ �-�m�-�t�‹�v�;�v �v�_�o�†�t�7 �0�; �;�Š�|�;�m�7�;�7 �|�o �b�l�r�-�1�|�v �u�;�t�-�|�;�7 �|�o �|�_�; 

�r�u�o�]�u�;�v�v�b�ˆ�; �t�o�v�v �o�= �|�_�; ���u�1�|�b�1 ���1�; �"�_�;�t�= �-�m�7 �b�m�1�u�;�-�v�b�m�] �"�)  �u�-�7�b�-�|�b�o�m 

�†�r�|�-�h�; �=�u�o�l �7�-�u�h�;�u ���u�1�|�b�1 ���1�;�-�m �v�†�u�=�-�1�;�v�:

���u�]�†�l�;�m�|�v �=�o�u �|�_�; �1�o�o�t�b�m�] �0�;�m�;�=�b�|�v �o�= �l�b�7�J �-�m�7 �_�b�]�_�J�t�-�|�b�|�†�7�; 

�7�;�=�o�u�;�v�|�-�|�b�o�m �-�1�u�o�v�v �|�_�; �|�;�l�r�;�u�-�|�; �-�m�7 �0�o�u�;�-�t �Œ�o�m�;�v �-�u�; �|�_�†�v 

troubling. Encouraging additional loss of net annual carbon se�J

questration and latent heat production represents a potential 

threat to the surface energy balance and global warming more 

�]�;�m�;�u�-�t�t�‹�: ���b�v�|�o�u�b�1�-�t �$�
�(��  �t�o�v�v �=�u�o�l �r�u�o�]�u�;�v�v�b�ˆ�; �7�;�=�o�u�;�v�|�-�|�b�o�m 

and land use conversion has presumably had very direct impacts 

on the drawdown of atmospheric CO2 and the loss of cloud reflec�J

tivity. Thus, historically, solutions that may improve food security 

have progressively reduced the land cover's climate change miti�J

�]�-�|�b�o�m �r�o�|�;�m�|�b�-�t�: �)�b�|�_ �v�b�]�m�b�=�b�1�-�m�|�t�‹ �v�_�o�u�|�;�u �]�u�o�‰�|�_ �1�‹�1�t�;�v�7 �]�u�;�-�|�t�‹ 



�•�‘���o�=���‘�•�J|�J���J�M ELLISON ET AL.

�u�;�7�†�1�;�7 �t�;�-�= �-�u�;�- �b�m�7�;�Š �P�������Q�7 �v�_�o�u�|�;�u �u�o�o�| �v�‹�v�|�;�l�v�7 �-�m�7 �]�u�;�-�|�t�‹ 

reduced levels of ET production, conversions from forest to crop�J

lands and urban settlements have presumably had significant neg�J

�-�|�b�ˆ�; �b�l�r�-�1�|�v �o�m �0�o�|�_ �-�0�o�ˆ�;�J �-�m�7 �0�;�t�o�‰�J�]�u�o�†�m�7 �0�b�o�l�-�v�v�7 �t�-�|�;�m�| 

heat production, and the surface energy balance across the outer 

latitudes.

���o�u�;�-�t �=�o�u�;�v�|�v �1�o�l�r�u�b�v�; �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �’�’�w �o�= �|�_�; �‰�o�u�t�7�]�v 

�=�o�u�;�v�|�v �-�m�7 �-�m �;�ˆ�;�m �t�-�u�]�;�u �v�_�-�u�; �o�= �|�_�; �‰�o�u�t�7�]�v �v�o�b�t�J�0�-�v�;�7 �1�-�u�0�o�m 

stores (Chapin et  al.,  2011�Q�: ���o�u�;�o�ˆ�;�u�7 �0�o�u�;�-�t �=�o�u�;�v�|�v �v�;�t�†�;�v�|�;�u 

�1�-�u�0�o�m �v�|�o�u�;�v �o�m �|�_�; �o�u�7�;�u �o�= �‘�•�‘�S±�S�‘�’ ���] �� �-�m�7 �1�o�m�|�u�b�0�†�|�; �-�m �-�m�J

�m�†�-�t �=�t�†�Š �P�u�;�l�o�ˆ�-�t�v �o�= �-�|�l�o�v�r�_�;�u�b�1 ���� 2 �1�o�m�1�;�m�|�u�-�|�b�o�m�v�Q �o�= �-�r�r�u�o�Š�J

�b�l�-�|�;�t�‹ �´�’�:�“ �|�o �´�“�:�“ ���|���� 2
�́ �• (Pan et al., 2011�Q�: �
�b�m�-�t�t�‹�7 �1�_�-�m�]�;�v �b�m 

forest law in many of the boreal countries in the late 19th and early 

20th century greatly encouraged productive forestry practices 

that have contributed substantially to both dramatic increases in 

�u�-�|�;�v �o�= �1�-�u�0�o�m �-�1�1�†�l�†�t�-�|�b�o�m �P�r�u�o�7�†�1�|�b�ˆ�b�|�‹�F�]�u�o�‰�|�_ �1�o�;�=�=�b�1�b�;�m�|�v�Q 

as well as significant forest regrowth and the rapid accumulation 

of carbon stocks across the Nordic countries (Ellison et al., 2022; 

��	X�]�0�;�u�] �;�| �-�t�:�7 2021�Q�:

�>�	�;�J�r�u�b�o�u�b�|�b�Œ�b�m�]�? �0�o�u�;�-�t �=�o�u�;�v�| �1�o�ˆ�;�u �P���-�‰�u�;�m�1�; �;�| �-�t�:�7 2022; 

�"�;�‹�l�o�†�u �;�| �-�t�:�7 2022�8 �)�b�m�7�b�v�1�_ �;�| �-�t�:�7 2021�Q �‰�o�†�t�7 �v�;�u�b�o�†�v�t�‹ �u�;�7�†�1�; 

�|�_�;�v�; �1�-�u�0�o�m �=�t�†�Š�;�v �-�m�7 �t�-�|�;�m�| �_�;�-�| �r�u�o�7�†�1�|�b�o�m�: �	�;�=�o�u�;�v�|�-�|�b�o�m �-�t�J

ready represents a global problem for carbon emissions into the at�J

mosphere (Friedlingstein et al., 2020�8 ���o�†�]�_�|�o�m �_ ���-�v�v�b�h�-�v�7 2017 �Q�: 

�$�_�o�†�]�_ �|�_�; �-�t�0�;�7�o�J�u�;�t�-�|�;�7 �0�;�m�;�=�b�|�v �o�= �v�m�o�‰ �1�o�ˆ�;�u �r�u�;�v�†�l�-�0�t�‹ �1�o�m�J

cern the outermost reaches of the boreal, reforestation efforts are 

far more likely to focus on the southern regions since this is where 

tree cover has the greatest potential for rapid carbon accumulation 

and growth. Current changes at the outermost Boreal are far more 

likely driven by global warming and the gradual northward shift of 

the boreal biome and not direct human intervention per se. Put in 

�o�|�_�;�u �‰�o�u�7�v�7 �|�_�; �m�o�u�|�_�‰�-�u�7 �;�Š�r�-�m�v�b�o�m �o�= �|�_�; �0�o�u�;�-�t �b�v �- �1�t�b�l�-�|�; 

�r�u�o�0�t�;�l �-�m�7�7 �|�o �|�_�; �;�Š�|�;�m�| �|�_�-�| �b�| �m�;�;�7�v �|�o �0�; �v�t�o�‰�;�7 �o�u �u�;�ˆ�;�u�v�;�7�7 �b�v 

best addressed by reducing CO2�F������  �;�l�b�v�v�b�o�m�v�7 �b�m�1�u�;�-�v�b�m�] �t�-�|�;�m�| 

�_�;�-�| �r�u�o�7�†�1�|�b�o�m�7 �-�m�7 �;�t�b�l�b�m�-�|�b�m�] �|�_�; �������: �!�;�l�o�ˆ�b�m�] �l�o�u�; �1�-�u�0�o�m �v�;�J

questration and ET production potential will likely have the opposite 

effect.

�u�:�•�J|�J ���m�1�u�;�-�v�b�m�]���ˆ�†�t�m�;�u�-�0�b�t�b�|�‹���o�=���|�_�;���b�m�m�;�u���P�m�o�|���|�_�;��
�o�†�|�;�u�Q���t�-�|�b�|�†�7�;�v�5

�	�;�v�r�b�|�; �|�_�; �r�o�v�b�|�b�ˆ�; �0�;�m�;�=�b�|�v �o�= �b�m�1�u�;�-�v�b�m�] �=�o�u�;�v�| �1�o�ˆ�;�u�7 �o�m�; �1�-�ˆ�;�-�| 

regarding the inner latitudes is worth considering. The increasing 

�_�;�-�| �]�;�m�;�u�-�|�;�7 �0�‹ �|�_�; ������ �t�;�-�7�v �|�o �b�m�1�u�;�-�v�b�m�] �t�b�l�b�|�-�|�b�o�m�v �o�m �‰�-�|�;�u 

availability, that is, the principal factor limiting forest growth, pre �J

�1�b�r�b�|�-�|�b�o�m �u�;�1�‹�1�t�b�m�] �-�m�7 �|�_�; �1�o�o�t�b�m�] �r�o�‰�;�u �o�= �=�o�u�;�v�|�v�: ���v �|�;�l�r�;�u�-�J

tures rise in drier, and more water limited, regions, increased ET 

production begins to dry out the landscape, rainfall declines and 

�|�_�; �t�b�h�;�t�b�_�o�o�7 �o�= �7�u�o�†�]�_�| �b�m�1�u�;�-�v�;�v �P�v�;�;�7 �;�:�]�:�7 �	�;�m�b�v�v�;�m �;�| �-�t�:�7 2022; 

�"�|�-�-�t �;�| �-�t�:�7 2020; Taufik et al., 2017; Van Lanen et al., 2013�Q�: �"�†�1�_ 

phenomena upset the delicate, natural, preanthropogenic surface 

energy equilibrium described above and established over millennia. 

���m�1�u�;�-�v�b�m�] �_�;�-�| �‰�-�ˆ�; �b�m�ˆ�-�v�b�o�m�v �u�-�7�b�-�|�; �o�†�| �=�u�o�l �|�_�; �b�m�m�;�u �t�-�|�b�|�†�7�;�v 

toward the poles, posing the greatest threats to the cooling power 

of forests, not to mention tree and forest survival, from the inner lati-

tudes on out (and not �=�u�o�l �|�_�; �o�†�|�;�u �t�-�|�b�|�†�7�;�v �o�m �b�m�Q �P�v�;�;�7 �;�:�]�:�7 ���v�† �_ 

�	�b�u�l�;�‹�;�u�7 2023; Li et al., 2022�Q�:

�"�|�-�u�|�b�m�] �=�u�o�l �|�_�; �b�m�m�;�u �t�-�|�b�|�†�7�;�v�7 �u�b�v�b�m�] �|�;�l�r�;�u�-�|�†�u�;�v�7 �-�u�b�7�b�|�‹�7 

and declining water availability drive the opposite set of interac�J

tions and feedbacks. Under these conditions, increasing TFVC 

may result in greater drying of the landscape through increased 

ET production potential, declines in rainfall, water availability, re�J

duced TFVC, and, because of increasing drought potential, greater 

�b�m�1�u�;�-�v�;�v �b�m �v�;�m�v�b�0�t�; �_�;�-�|�7 �-�u�b�7�b�|�‹�7 �-�m�7 �=�;�;�7�0�-�1�h�J�7�u�b�ˆ�;�m �7�u�o�†�]�_�| 

potential. For this reason, reforestation efforts in the inner lat �J

itudes, and radiating outward toward the poles, should perhaps 

�0�; �|�_�; �r�u�b�m�1�b�r�-�t �=�o�1�†�v �o�= �1�o�m�1�;�u�m�: �"�†�1�_ �-�m �-�v�v�;�v�v�l�;�m�| �o�= �ˆ�†�t�m�;�u�-�J

bility resonates with repeated concerns about failing to consider 

�|�_�; �‰�-�|�;�u �1�o�m�v�;�t�†�;�m�1�;�v �o�= �u�;�=�o�u�;�v�|�-�|�b�o�m �;�=�=�o�u�|�v�L�b�m �r�-�u�|�b�1�†�t�-�u �-�| 

�|�_�; �0�-�v�b�m �v�1�-�t�; �P���;�m�m�;�|�| �_ ���-�u�|�o�m�7 2018; Farley et al., 2005; Filoso 

et al., 2017�8 ���o�;�h �ˆ�-�m �	�b�f�h�; �;�| �-�t�:�7 2022�8 ���-�1�h�v�o�m �;�| �-�t�:�7 2005�8 �"�_�;�b�t 

et al., 2019; Vose et al., 2011�Q�: ���m �|�_�; �o�|�_�;�u �_�-�m�7�7 �;�̂ �;�m �‰�b�|�_ �b�m�1�u�;�-�v�J

ing aridity, reforestation efforts may, in many cases, have positive 

�b�l�r�-�1�|�v �o�m �7�o�‰�m�‰�b�m�7 �1�o�m�7�b�|�b�o�m�v �P���u�;�;�7 �_ �ˆ�-�m ���o�o�u�7�‰�b�f�h�7 2018; 

Ellison et  al.,  2019�8 ���t�t�b�v�o�m �_ ���=�;�f�b�h�- �"�r�;�u�-�m�Œ�-�7 2020 ; Pranindita 

et al., 2022�Q�:

This trend is the opposite of the one predicted by the pre �J

sumed warming trends generated by forest cover and lowered 

surface albedo in the outer latitudes. Even though greater tem�J

perature changes are occurring across the boreal, both forest 

cover and increasing forest cover are presumably highly beneficial. 

Moreover, increasing forest cover is a logical outcome of the in�J

creased rainfall, rising temperatures, and longer growing seasons 

in the outer latitudes. The problem in the inner latitudes, on the 

�o�|�_�;�u �_�-�m�7�7 �b�v �|�_�; �o�r�r�o�v�b�|�;�: �	�;�1�t�b�m�b�m�] �‰�-�|�;�u �-�ˆ�-�b�t�-�0�b�t�b�|�‹ �l�;�-�m�v 

�=�o�u�;�v�|�J�u�;�t�-�|�;�7 �v�†�u�=�-�1�; �-�t�0�;�7�o �;�=�=�;�1�|�v �_�-�ˆ�; �- �]�u�;�-�|�;�u �b�l�r�-�1�|�9 �t�;�v�v 

ET potential equals reduced cooling power, with the unused solar 

energy thus being converted into sensible heat, and further raising 

sensible heat formation and drought potential. Likewise, toward 

the inner latitudes and especially under the conditions of declining 

TFVC, rising temperatures alter the density and composition of 

atmospheric moisture, thereby reducing the potential for latent 

heat to generate condensation and drive cloud formation (see, 

e.g., Makarieva et al., 2022�Q�:

The driving factor in these relationships is the increased ET po�J

tential in drier regions and the loss of water availability, which then 

allows surface albedo effects to favor sensible heat formation and 

dominate local and regional temperatures. Presumably, these fac�J

tors create a tipping mechanism whose feedback effects function 

�t�b�h�; �- �v�;�t�=�J�=�†�t�=�b�t�t�b�m�] �r�u�o�r�_�;�1�‹ �P���o�ˆ�;�f�o�‹ �_ ���o�0�u�;�7 2018�Q�: ���v �l�o�u�; �_�;�-�| 

is generated by declining water availability, reduced ET potential and 

the increasing power of surface albedo, this drives a vicious cycle of 

warming that further accelerates the process of declining water avail�J

ability, increased surface albedo effects, further increasing the like�J

�t�b�_�o�o�7 �o�= �7�u�o�†�]�_�|�: �"�†�1�_ �r�_�;�m�o�l�;�m�-�7 �b�m �=�-�1�|�7 �_�-�ˆ�; �-�t�u�;�-�7�‹ �r�;�u�ˆ�-�7�;�7 



�J�M�J |�J �•�’���o�=���‘�•ELLISON ET AL.

�0�o�|�_ �|�_�; �b�m�m�;�u �-�m�7�7 �|�o �v�o�l�; �;�Š�|�;�m�|�7 �;�ˆ�;�m �|�_�; �o�†�|�;�u �t�-�|�b�|�†�7�;�v�7 �|�_�o�†�]�_ 

�1�t�;�-�u�t�‹ �b�m �7�;�1�t�b�m�b�m�] �r�u�o�r�o�u�|�b�o�m �P���t�t�;�m�7 2009�Q�: �$�_�; �_�;�-�|�‰�-�ˆ�;�v �7�;�J

�v�1�;�m�7�b�m�] �†�r�o�m �r�-�u�|�v �o�= �|�_�; �7�u�b�;�u �b�m�m�;�u �t�-�|�b�|�†�7�;�v�7 �|�_�; �|�;�l�r�;�u�-�|�; �Œ�o�m�; 

and out into the southern reaches of the boreal are increasingly fol�J

�t�o�‰�;�7 �0�‹ �r�;�u�b�o�7�v �o�= �;�Š�|�;�m�7�;�7 �7�u�o�†�]�_�|�: �$�_�b�v �-�m�-�t�‹�v�b�v �b�v �u�;�=�t�;�1�|�;�7 �b�m 

�|�_�; �t�b�|�;�u�-�|�†�u�;�7 �=�o�u �;�Š�-�l�r�t�;�7 �o�m �=�o�u�;�v�| �7�b�;�0�-�1�h �-�m�7 �7�;�1�t�b�m�b�m�] �=�o�u�;�v�| �u�;�J

�v�b�t�b�;�m�1�; �P���t�t�;�m�7 2009�8 �
�o�u�Œ�b�;�u�b �;�| �-�t�:�7 2021, 2022�Q�7 �b�m�1�u�;�-�v�b�m�] �7�u�o�†�]�_�| 

potential (Bagley et al., 2013�8 �	�-�b�7 2010, 2013�Q�7 �|�_�; �b�m�1�u�;�-�v�b�m�] �t�b�h�;�J

�t�b�_�o�o�7 �o�= �=�o�u�;�v�| �v�_�b�=�|�v �=�u�o�l �v�b�m�h �|�o �v�o�†�u�1�; �P���m�7�;�u�;�]�] �;�| �-�t�:�7 2020; 

Baccini et al.,  2017; Ciais et al.,  2005�8 ���-�7�7�;�m �_ ���u�;�t�t�;�7 �‘�•�•�u�Q�7 �-�v 

�‰�;�t�t �-�v �|�_�; �b�m�1�u�;�-�v�b�m�] �t�b�h�;�t�b�_�o�o�7 �o�= �‰�b�t�7�=�b�u�; �P���&�
�!���7 2018; Taufik 

et al., 2017�Q�:

The literature on predictions of future rainfall potential in the 

very dry regions of the inner latitudes provides a second caveat. 

One question has been why oceans do not evaporate more with 

rising temperatures, thus producing more clouds and rainfall. One 

�u�;�v�r�o�m�v�; �_�b�]�_�t�b�]�_�|�v �|�_�; �u�o�t�; �o�= �u�;�=�t�;�1�|�b�ˆ�; �v�†�t�=�†�u�J�0�-�v�;�7 �-�;�u�o�v�o�t�v �=�u�o�l 

�=�o�v�v�b�t �=�†�;�t�J�0�-�v�;�7 �;�m�;�u�]�‹ �r�u�o�7�†�1�|�b�o�m �b�m �u�;�7�†�1�b�m�] �v�;�- �v�†�u�=�-�1�; �|�;�l �J

�r�;�u�-�|�†�u�;�v �P�"�"�$�v�Q�7 �‰�_�b�1�_ �u�;�7�†�1�; �o�1�;�-�m �‰�-�u�l�b�m�] �-�m�7 �t�o�‰�;�u �|�_�-�m �;�Š�J

�r�;�1�|�;�7 �;�ˆ�-�r�o�u�-�|�b�o�m�: �$�_�; �7�;�1�t�b�m�; �o�= �1�o�-�t�J�0�-�v�;�7 �r�o�‰�;�u �r�u�o�7�†�1�|�b�o�m �b�m 

�|�_�; �&�" �-�m�7 ���†�u�o�r�;�7 �=�o�u �;�Š�-�l�r�t�;�7 �_�-�v �t�;�7 �|�o �u�;�7�†�1�|�b�o�m�v �b�m �|�_�; �-�l�o�†�m�| 

�o�= �u�;�=�t�;�1�|�b�ˆ�; �-�;�u�o�v�o�t�v �b�m �|�_�; �-�|�l�o�v�r�_�;�u�;�7 �v�†�]�]�;�v�|�b�m�] �"�"�$�v �‰�b�t�t �-�]�-�b�m 

�u�b�v�;  �-�m�7  �]�;�m�;�u�-�|�;  �l�o�u�;  �u�-�b�m�J�r�u�o�7�†�1�b�m�]  �-�|�l�o�v�r�_�;�u�b�1  �l�o�b�v�|�†�u�; 

(Biasutti, 2019�8 ���b�-�m�m�b�m�b �_ ���-�r�t�-�m�7 2019�Q�: �	�;�1�t�b�m�b�m�] �-�|�l�o�v�r�_�;�u�b�1 �"�� 2 

�l�-�‹ �|�_�†�v �;�Š�r�t�-�b�m �|�_�; �u�;�1�;�m�| �†�r�|�b�1�h �b�m �u�-�b�m�=�-�t�t �o�ˆ�;�u �|�_�; �t�-�v�| �1�o�†�r�t�; �o�= 

�7�;�1�-�7�;�v �b�m �|�_�; �"�-�_�;�t �u�;�]�b�o�m �o�= �)�;�v�| ���=�u�b�1�- �-�m�7 �-�u�]�†�; �b�| �‰�b�t�t �r�u�o�]�u�;�v�v�:

� • �J| �J � 	 � � � " � � �&� " � " � � � � � �

���m �- �v�;�m�v�;�7 �o�m�; �1�-�m �|�_�b�m�h �o�= �|�_�; �r�u�b�m�1�b�r�-�t �]�t�o�0�-�t �1�o�o�t�b�m�] �-�m�7 �‰�-�u�l�J

�b�m�] �;�=�=�;�1�|�v �-�v �|�_�o�v�; �|�_�-�| �-�=�=�;�1�| �|�_�; �������7 �|�_�-�| �b�v�7 �‰�_�-�| �‰�; �_�;�u�; �u�;�=�;�u 

�|�o �-�v �|�_�; �>�1�t�b�l�-�|�b�1 �;�m�ˆ�;�t�o�r�;�:�? �)�b�|�_�b�m �|�_�b�v �;�m�ˆ�;�t�o�r�;�7 �v�l�-�t�t�;�u�J�v�1�-�t�; 

local and regional cooling/warming phenomena occur (Lawrence 

�_ �(�-�m�7�;�1�-�u�7 2015; Zeng et  al.,  2017�Q �0�†�| �-�u�; �t�b�h�;�t�‹ �|�o �_�-�ˆ�; �l�o�u�; 

�t�b�l�b�|�;�7 �;�=�=�;�1�|�v �o�m �|�_�; �]�t�o�0�-�t �1�t�b�l�-�|�;�: ���v �=�-�u �-�v �|�_�; �]�t�o�0�-�t �1�t�b�l�-�|�; �b�v 

�1�o�m�1�;�u�m�;�7�7 �|�_�; �r�u�b�m�1�b�r�-�t �=�o�1�†�v �v�_�o�†�t�7 �0�; �o�m �|�_�; �t�-�u�]�;�J�v�1�-�t�; �$�
�(�� 

�b�m�|�;�u�-�1�|�b�o�m�v �|�_�-�| �7�u�b�ˆ�; �1�_�-�m�]�; �b�m �|�_�; �������7 �|�_�-�| �b�v�7 �o�m �1�-�u�0�o�m �v�;�t�†�;�v�J

tration and the potential for promoting increased cloud formation, 

�r�u�b�l�-�u�b�t�‹ �|�_�u�o�†�]�_ �b�m�1�u�;�-�v�;�7 �$�
�(���J�0�-�v�;�7 �t�-�|�;�m�| �_�;�-�| �r�u�o�7�†�1�|�b�o�m�7 

and the multiplier effects from increased latent heat production 

�P�r�u�;�1�b�r�b�|�-�|�b�o�m �u�;�1�‹�1�t�b�m�]�Q �o�m �u�-�b�m�=�-�t�t �-�m�7 �$�
�(�� �]�u�o�‰�|�_�: �"�b�m�1�; ���� 2 

�7�u�-�‰�7�o�‰�m �-�m�7 �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹ �r�u�o�ˆ�b�7�; �|�_�; �r�u�b�m�1�b�r�-�t�7 �7�b�u�;�1�| 

�;�m�]�b�m�;�v �=�o�u �u�;�7�†�1�b�m�] �|�_�; �������7 �|�_�;�v�; �r�u�b�m�1�b�r�-�t �$�
�(�� �r�-�|�_�‰�-�‹�v �l�-�|�|�;�u 

�=�o�u �]�t�o�0�-�t �‰�-�u�l�b�m�]�F�1�o�o�t�b�m�] �-�m�7 �1�t�b�l�-�|�; �1�_�-�m�]�;�: �)�_�b�t�; �v�l�-�t�t�;�u�J�v�1�-�t�; 

�r�_�;�m�o�l�;�m�- �P�v�†�u�=�-�1�; �-�t�0�;�7�o �‰�-�u�l�b�m�] �-�m�7 �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š�Q �1�-�m 

�_�-�ˆ�; �v�_�o�u�|�J�|�;�u�l �b�l�r�-�1�|�v �o�m �v�†�u�=�-�1�; �|�;�l�r�;�u�-�|�†�u�; �ˆ�-�u�b�-�|�b�o�m�7 �o�m�t�‹ �|�_�; 

�]�t�o�0�-�t �;�=�=�;�1�|�v �1�o�m�|�u�b�0�†�|�; �|�o �t�o�m�]�J�|�;�u�l �]�t�o�0�-�t �1�t�b�l�-�|�; �1�_�-�m�]�; �l�b�|�b�]�-�J

�|�b�o�m �P�o�u �b�|�v �o�r�r�o�v�b�|�;�7 �‰�-�u�l�b�m�]�Q�:

TFVC surface temperature and climate impact perspectives 

are complicated by the competing views generated via modeled 

�P�������v�F���"���v�Q �-�m�7 �o�0�v�;�u�ˆ�-�|�b�o�m�-�t �7�-�|�-�: ���;�u�_�-�r�v �|�_�; �l�o�v�| �;�Š�|�u�-�o�u�7�b�J

nary inelegance in older GCMs was to simplify the E/ET and TFVC 

�u�;�t�-�|�b�o�m�v�_�b�r �0�‹ �-�v�v�†�l�b�m�] �|�;�u�u�;�v�|�u�b�-�t �;�ˆ�-�r�o�u�-�|�b�o�m �P���Q �‰�-�v �-�7�;�t�†�-�|�;�t�‹ 

estimated by setting it equivalent to “potential evapotranspiration” 

�P�����$�Q�7 �|�_�; �-�l�o�†�m�| �o�= �‰�-�|�;�u �|�_�-�| can be evaporated given a specific 

�|�;�l�r�;�u�-�|�†�u�; �P�$�Q�7 �-�l�o�†�m�| �o�= �v�o�t�-�u �u�-�7�b�-�|�b�o�m �-�m�7 �-�7�;�t�†�-�|�; �‰�-�|�;�u �v�†�r�J

�r�t�‹ �P�	�b�1�h�b�m�v�o�m�7 1984; NRC, 2005�Q�: ���= �� �b�v �-�v�v�;�v�v�;�7 �-�v �b�m�7�;�r�;�m�7�;�m�| 

of TFVC, then all findings will be based on the awkward, misleading 

�-�v�v�†�l�r�|�b�o�m �|�_�-�| �ˆ�;�]�;�|�-�|�b�o�m �b�v �b�u�u�;�t�;�ˆ�-�m�| �|�o �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š�7 �o�u 

�|�_�-�| �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �b�v �7�;�|�-�1�_�;�7 �=�u�o�l �|�_�; �u�o�t�; �-�m�7 �b�l�r�o�u�|�-�m�1�; 

of TFVC. The consequence of such models is to deny/erase the role 

�o�= �$�
�(�� �b�m �v�†�u�=�-�1�; �‰�-�u�l�b�m�]�F�1�o�o�t�b�m�]�: �"�†�1�_ �l�o�7�;�t�v �=�†�u�|�_�;�u �7�b�v�|�†�u�0 

�|�_�; �t�b�m�h�-�]�; �0�;�|�‰�;�;�m �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �-�m�7 �v�†�u�=�-�1�; �-�t�0�;�7�o �;�=�=�;�1�|�v�: 

Failing to capture these fundamental relationships underestimates 

or entirely misses the TFVC impact on both surface temperature and 

the climate.

�)�_�b�t�; �t�-�u�]�; �-�m�7 �1�o�l�r�t�;�Š �=�t�†�Š�;�v �v�_�o�†�t�7 �b�7�;�-�t�t�‹ �0�; �;�v�|�b�l�-�|�;�7 

�†�v�b�m�] �������v  �-�m�7 ���"���v�7 �b�m�;�t�;�]�-�m�| �l�o�7�;�t�b�m�] �o�= �|�;�u�u�;�v�|�u�b�-�t �t�-�m�7�K�-�|�J

�l�o�v�r�_�;�u�; �1�o�†�r�t�b�m�] �-�m�7 �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š�7 �-�v �‰�;�t�t �-�v �v�b�]�m�b�=�b�1�-�m�| 

data insufficiencies, represent a significant barrier to modeled cli�J

mate results. Problems with the estimation of E, ET, and surface 

�|�;�l�r�;�u�-�|�†�u�; �r�;�u�v�b�v�| �b�m �|�_�; �m�;�‰�;�u �]�;�m�;�u�-�|�b�o�m �o�= �t�-�m�7�K�-�|�l�o�v�r�_�;�u�; 

�b�m�|�;�u�-�1�|�b�o�m �l�o�7�;�t�v �P�;�:�]�:�7 ���������”�7 ���������u�Q�: �$�_�o�†�]�_ �v�b�]�m�b�=�b�1�-�m�|�t�‹ �0�;�|�J

�|�;�u �-�| �u�;�r�u�;�v�;�m�|�b�m�] �$�
�(�� �-�m�7 �|�_�; �t�-�m�7�K�-�|�l�o�v�r�_�;�u�; �b�m�|�;�u�-�1�|�b�o�m�7 

these models still bear testament to significant deviations be�J

�|�‰�;�;�m �l�o�7�;�t�;�7 �-�m�7 �o�0�v�;�u�ˆ�;�7 �u�;�v�†�t�|�v �P���-�h�;�u �_ �"�r�u�-�1�h�t�;�m�7 2022; 

���;�u�] �_ �"�_�;�=�=�b�;�t�7�7 2019; Lejeune et al., 2020�8 �"�1�-�=�;�|�|�-�7 2021�Q�: ���v 

�������� �-�†�|�_�o�u�v �_�b�]�_�t�b�]�_�|�7 �|�_�; �u�o�t�; �-�m�7 �b�l�r�-�1�| �o�= �1�t�o�†�7�v �-�m�7 �‰�-�|�;�u 

vapor on global temperatures, “has long been the biggest source 

�o�= �†�m�1�;�u�|�-�b�m�|�‹ �b�m �1�t�b�l�-�|�; �r�u�o�f�;�1�|�b�o�m�v�? �P�������� ���!�u  �)����  ���_�•�Q�: 

Though climate models rapidly multiply and improve, the impact 

of atmospheric moisture and clouds continues to represent one 

of the most significant unknowns (Trenberth, 2022 �Q�: �
�†�u�|�_�;�u�7 �|�_�; 

�u�;�v�o�t�†�|�b�o�m �o�= �������v  �-�m�7 ���"���v �b�v �v�†�1�_ �|�_�-�| �1�o�m�m�;�1�|�b�m�] ���$ �=�t�†�Š�;�v �|�o 

specific land cover and tree types down to tree scale is virtually 

�b�l�r�o�v�v�b�0�t�;�: �+�;�|�7 �|�o �-�7�;�t�†�-�|�;�t�‹ �l�b�l�b�1 �|�_�; ���J�ˆ�;�]�;�|�-�|�b�o�m �7�;�r�;�m�7�;�m�1�; 

identified above, this is presumably what is required. Estimating 

���J�ˆ�;�]�;�|�-�|�b�o�m �7�;�r�;�m�7�;�m�1�; �b�v �|�_�†�v �u�;�m�7�;�u�;�7 �r�u�o�0�t�;�l�-�|�b�1 �0�‹ �7�b�=�=�b�J

�1�†�t�|�b�;�v �t�b�m�h�b�m�] �|�_�; �t�-�|�;�m�| �_�;�-�| �=�t�†�Š �P���F���$�Q �-�m�7 �v�†�u�=�-�1�; �-�t�0�;�7�o �r�_�;�J

nomena with surface temperature and climate change (Bright 

et al., 2022�8 ���_�;�m �_ �	�b�u�l�;�‹�;�u�7 2020�8 �	�†�ˆ�;�b�t�t�;�u �;�| �-�t�:�7 2022�Q�:

The unreliability of E/ET estimates suggests the observational 

data provides a more reliable foundation upon which to build the�J

�o�u�;�|�b�1�-�t �b�m�v�b�]�_�|�v �-�0�o�†�| �=�o�u�;�v�|�K�‰�-�|�;�u �b�m�|�;�u�-�1�|�b�o�m�v �-�m�7 �|�_�;�b�u �b�l�r�-�1�|�v 

on the climate and surface temperatures. Considered in the con�J

�|�;�Š�| �o�= �|�_�; �u�;�t�-�|�b�ˆ�; �r�-�u�|�b�|�b�o�m�b�m�] �0�;�|�‰�;�;�m �t�-�|�;�m�| �-�m�7 �v�;�m�v�b�0�t�; �_�;�-�|�7 

�v�†�1�_ �b�m�-�1�1�†�u�-�1�b�;�v �_�-�ˆ�; �|�_�; �1�o�m�v�;�t�†�;�m�1�; �o�= �†�m�7�;�u�;�v�|�b�l�-�|�b�m�] �$�
�(���J

�u�;�t�-�|�;�7 �v�†�u�=�-�1�; �1�o�o�t�b�m�] �b�l�r�-�1�|�v �-�m�7 �o�ˆ�;�u�;�v�|�b�l�-�|�b�m�] �=�o�u�;�v�|�J�u�;�t�-�|�;�7 

�-�t�0�;�7�o �‰�-�u�l�b�m�] �;�=�=�;�1�|�v�: ���7�7�b�|�b�o�m�-�t �r�u�o�0�t�;�l�v�7 �v�†�1�_ �-�v �|�_�; �7�b�=�=�b�1�†�t�|�‹ 

of estimating both carbon sequestration and albedo effects, likewise 

generate variation in climate model predictions (Lejeune et al., 2020; 

Montenegro et al., 2009�Q�:

�"�;�ˆ�;�u�-�t �b�l�r�o�u�|�-�m�| �u�;�-�t�b�Œ�-�|�b�o�m�v �=�t�o�‰ �=�u�o�l �|�_�b�v �7�;�v�1�u�b�r�|�b�o�m �o�= 

TFVC impacts. Most importantly historical TFVC loss, in addition 

to the continuous emission of CO2 �-�m�7 �������v  �|�_�b�v �b�l�r�t�b�;�v �P���u�m�;�|�_ 



�•�“���o�=���‘�•�J|�J���J�M ELLISON ET AL.

et al., 2017; Kaplan et al., 2011; Ruddiman, 2003�Q�7 �_�-�v �r�u�;�v�†�l�-�0�t�‹ 

had significant and devastating impacts on the integrity of the global 

climate envelope�: �"�b�]�m�b�=�b�1�-�m�| �u�;�7�†�1�|�b�o�m�v �b�m �|�_�; �]�t�o�0�-�t �$�
�(��  ���� 2 

�7�u�-�‰�7�o�‰�m �r�o�|�;�m�|�b�-�t�t�‹ �;�Š�-�1�;�u�0�-�|�; �|�_�; �b�m�1�u�;�-�v�b�m�] �-�1�1�†�l�†�t�-�|�b�o�m �o�= 

CO2 �b�m �|�_�; �†�r�r�;�u �-�|�l�o�v�r�_�;�u�;�: �)�b�|�_ �|�_�; �v�|�;�-�7�‹ �b�m�1�u�;�-�v�; �b�m ���� 2 and 

������  �r�u�o�7�†�1�|�b�o�m �o�ˆ�;�u �|�b�l�;�7 �=�†�u�|�_�;�u �u�;�7�†�1�|�b�o�m�v �o�= �|�_�b�v �7�u�-�‰�7�o�‰�m �1�-�J

�r�-�1�b�|�‹ �v�_�o�†�t�7 �P�-�m�7 �_�-�ˆ�;�Q �u�-�b�v�;�P�7�Q �-�t�-�u�l�v�: ���b�h�;�‰�b�v�;�7 �|�_�o�†�]�_ �|�_�; �t�-�1�h 

of an adequate record makes it difficult to assess, the historical 

�t�o�v�v �o�= �v�b�]�m�b�=�b�1�-�m�| �-�l�o�†�m�|�v �o�= �t�o�‰�J�t�‹�b�m�] �1�t�o�†�7 �1�o�ˆ�;�u �_�-�v �r�u�;�v�†�l�-�0�t�‹ 

�_�-�7 �v�b�l�b�t�-�u�t�‹ �v�b�]�m�b�=�b�1�-�m�| �b�l�r�-�1�|�v �o�m �|�o�r�J�o�=�J�1�t�o�†�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹ �P���b�t�t�™�m 

et al., 2005; Takata et al., 2009�Q�:

The repeated suggestions that forest surface albedo represents 

a barrier to increased reforestation and forest landscape restoration 

�-�u�; �1�o�m�1�;�u�m�b�m�]�: ���o�‰�;�u�;�7 �v�†�u�=�-�1�; �-�t�0�;�7�o �P�u�;�7�†�1�;�7 �u�;�=�t�;�1�|�b�ˆ�b�|�‹�Q �1�-�m 

of course warm terrestrial surfaces at the local and regional scale, 

in particular as the warming and drought phenomena driven by 

progressive climate change worsen opportunities for TFVC surface 
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affects surface temperatures at the local to regional scale. Though 

such warming affects temperatures within the global climate enve-

lope�7 �|�_�;�v�; �=�t�†�Š�;�v �_�-�ˆ�; �- �=�-�u �l�o�u�; indirect and ambiguous impact on 

the porosity of the envelope itself and thus are unlikely to have any 
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the atmosphere where it can trigger cloud formation, do have the 

potential to affect the climate envelope.

�v �J| �J � � � � � � � � � � �&� " � � � � � � � "

Many predict benefits from increasing forest cover, in particular for 

the purposes of climate change mitigation (Bastin et al., 2019; Ellison 

et al.,  2011, 2013; Griscom et al.,  2017; Mo et al.,  2023; Nabuurs 

et al., 2017; Roe et al., 2021�Q�: ���u�;�7�b�1�|�b�o�m�v �o�= �=�o�u�;�v�| �0�;�m�;�=�b�|�v �-�u�; �t�b�h�;�J

wise increasingly linked with advantages for the water cycle (Creed 

�_ �ˆ�-�m ���o�o�u�7�‰�b�f�h�7 2018; Ellison et al., 2012, 2017, 2019; Gebrehiwot 

et al., 2018�8 ���o�;�h �ˆ�-�m �	�b�f�h�; �;�| �-�t�:�7 2022�Q�: �$�_�o�†�]�_ �|�_�b�v �b�l�-�]�; �b�v �1�o�l�J

plicated by the frequent disconnect between basin level, “demand 
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we can promote a safe, strategic framework for pursuing intensifica�J

tion of the hydrologic cycle (Ellison, 2018; Ellison et al., 2012; Filoso 

et al., 2017�8 ���o�;�h �ˆ�-�m �	�b�f�h�; �;�| �-�t�:�7 2022�8 ���-�1�h�v�o�m �;�| �-�t�:�7 2005�Q�: �$�_�; 

strategic placement of forest, its suitability to the local environment, 

as well as required consideration of the 20th and 21st century an�J

thropogenic modification of demand placed on the catchment water 

balance, are the principal lessons from these many references to the 
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The only caveat here may be the difficulty in determining the 

suitability of forest cover to the local environment since this remains 

a moving target (Ellison et al.,  2012�8 ���o�;�h �ˆ�-�m �	�b�f�h�; �;�| �-�t�:�7 2022�Q�: 

Global warming and climate change are rapidly altering ecosys�J

tems and the boundaries of biomes. This is rapidly transforming the 
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accurately determine the limits for tree survival in changing climates, 

represent perhaps the two greatest challenges to future forest res�J

toration efforts and climate change mitigation goals.

The observational data strongly support the power of forests to 

cool the planetary surface and promote improvements in the radia�J
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cover change have encouraged us to weigh surface albedo effects 
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heat into the atmosphere, TFVC effectively cools surface tempera�J
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multiple TFVC benefits, not all of which are related to surface tem�J
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accelerated carbon, water and energy cycle benefits linked to forest 

growth, the atmospheric CO2 drawdown, latent heat production, 
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surface reflectivity, one should also consider soil water infiltration, 

groundwater recharge, water purification, harvested wood products 
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regard, and assuming food production remains secure, systematic 

forest landscape restoration efforts and increased TFVC are pre�J

sumably favorable in and across all historically forested locations 

(and not �f�†�v�| �b�m �|�_�; �|�u�o�r�b�1�v�Q�: ���m �=�-�1�|�7 �|�_�; �l�o�v�| �_�;�-�ˆ�b�t�‹ �7�;�=�o�u�;�v�|�;�7 �-�m�7 

anthropogenically modified region of the world is clearly the tem �J
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cycle interactions into their direct  and indirect effects on tempera�J

ture and the climate further suggests that continued forest loss 

could be disastrous for the planet. The continued production of 
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strengthen sensible heat formation and global warming. Removing 

TFVC heightens sensible impacts and reduces the surface cooling 
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massive reforestation efforts currently promoted through multi �J
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directions that can significantly benefit the Earth's energy balance 

and humanity.
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