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ABSTRACT: Climate change projections show amplified warming associated with dry conditions
over tropical land. We compare two perspectives explaining this amplified warming: one based on
tropical atmospheric dynamics, and the other focusing on soil moisture and surface fluxes. We first
compare the full spatiotemporal distribution of changes in key variables in the two perspectives
under a quadrupling of CO; using daily output from the CMIP6 simulations. Both perspectives
center around the partitioning of the total energy/energy flux into the temperature and humidity
components. We examine the contribution of this temperature/humidity partitioning in the base
climate and its change under warming to rising temperatures by deriving a diagnostic linearized
perturbation model that relates the magnitude of warming to (1) changes in the total energy/energy
flux, (2) the base-climate temperature/humidity partitioning, and (3) changes in the partitioning
under warming. Using CMIP6 output, we show that the spatiotemporal structure of warming is
well predicted by the inverse of the base-climate partition factor, which we term the base-climate
sensitivity: conditions that are drier in the base climate have a higher base-climate sensitivity
and experience more warming. On top of this relationship, changes in the partition factor under
intermediate (between wet and dry) surface conditions further enhance or dampen the warming.
We discuss the mechanistic link between the two perspectives by illustrating the strong relationships
between lower tropospheric temperature lapse rates, a key variable for the atmospheric perspective,

and surfaces fluxes, a key component of the land surface perspective.
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SIGNIFICANCE STATEMENT: Understanding what conditions give rise to the largest magni-
tude of warming in response to rising CO; concentrations is not only scientifically important but
also critical from a climate impacts standpoint. Two main perspectives, one focusing on atmo-
spheric dynamics and the other focusing on land surface processes, have been proposed to explain
the stronger warming associated with drier conditions in the tropics. Here, we compare and contrast
these two perspectives. Using climate model output, we demonstrate that amplified warming can
largely be predicted from base-climate dryness alone in both perspectives, but is further modified
based on changes in the partitioning of energy between temperature and moisture. We highlight the
spatiotemporal conditions where assumptions in the two perspectives hold and where deviations

occur.

1. Introduction

The manner in which temperatures are expected to change regionally with global warming is
not only an important scientific question, but also a critical issues for climate change impacts and
adaptation. Previous studies using climate models have shown that land warms more than the
ocean (e.g., Sutton et al. 2007; Joshi et al. 2008, 2013; Byrne and O’Gorman 2013, 2018) and,
over tropical land, days at high temperature percentiles warm more than the average, resulting in
an elongated upper tail and exacerbated hot extremes (e.g., Duan et al. 2020; Byrne 2021). This
“amplified” warming over land seems to be associated with drier conditions: land is drier than the
ocean, and those days at the high percentiles of the temperature distribution are days with dry soils
and low relative humidity.

Two main perspectives have been proposed to explain this drier—warmer relationship. One
perspective is based on tropical atmospheric dynamics (Joshi et al. 2013; Byrne and O’Gorman
2013, 2018). Weak temperature gradients in the tropical upper troposphere (WTG; Sobel and
Bretherton 2000) lead to approximately spatially-uniform temperatures. Below, the uniform free
tropospheric temperatures are connected to the surface by a temperature lapse rate closer to a moist
adiabat over a moist surface such as the ocean and closer to a dry adiabat over a drier surface
such as the land. The larger lapse rate over the drier surface corresponds to higher surface air
temperature. Upon warming, the moist adiabatic lapse rate reduces, while the dry adiabatic lapse

rate does not change; this, combined with the lack of temperature gradients in the free troposphere,
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enhances the base-climate temperature gradient across land and ocean and leads to a land-ocean

warming contrast (Joshi et al. 2013, the schematics are reproduced in Fig. 1a).

a) Schematic for the initial lapse rate view b) Schematic for the “QE—WTG” framework c) Schematic for the surface flux perspective
in Joshi et al., 2013 in Bryne & O’Gorman 2013, 2018
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Fic. 1. (a, b) Schematics of cited studies that explain the amplified warming over land with the atmospheric
dynamics perspective. In (a) and (b), lines with faint colors show temperature profiles in the base climate; and

lines with bright colors show temperature profiles in the warm climate.

Building upon this argument, Byrne and O’Gorman (2013) made the arguments of Joshi et al.
(2013) more quantitative by using the concept of quasi-equilibrium (QE; Arakawa and Schubert
1974; Emanuel et al. 1994; Neelin and Zeng 2000). QE together with WTG suggests that the
temperature profile in the free tropical troposphere approximately follows the moist adiabat with
minimal horizontal gradients. Below the cloud base in the boundary layer, the temperature profile
follows a dry adiabat (schematics shown in Fig. 1b). The higher the cloud base, the longer path in
the lower troposphere where temperature follows the dry adiabat, the warmer the surface.

With the theoretical bases of QE and WTG, this framework (the “QE-WTG” framework here-
after) can be expressed into mathematical forms by making two assumptions: (1) an atmospheric
dynamics constraint that the increase of the boundary layer moist static energy (MSE) across land
and ocean is uniform, and (2) a moisture constraint that the change of ¢ over land is a fraction (y) of
that over ocean. This fraction y comes from the base-climate ratio of g over land to g over ocean,
and is assumed to remain constant with climate change. Because the base-climate humidity ratio
v is on average less than 1, land moistens less and warms more than the ocean. This “QE-WTG”

framework was initially applied to explain the mean warming contrast over land and ocean (Byrne
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and O’Gorman 2013, 2018), and has since been adjusted to explain the amplified warming of the
hot tail of the temperature distribution over tropical land (Byrne 2021).

In contrast to the atmospheric dynamics based perspective is a land surface based perspective.
The surface perspective instead emphasizes changes in the partitioning between sensible and
latent heat fluxes in response to moisture availability and/or changes in plants’ physiology (e.g.,
Seneviratne et al. 2010; Berg et al. 2014; Donat et al. 2017; Vogel et al. 2017; Duan et al. 2020;
Dirmeyer et al. 2021). When sufficient water is available for evapotranspiration, a greater portion of
the net radiation at the surface (R,,) is released as latent heat (LH), which does not directly increase
the surface air temperature (schematic in Fig. 1¢). When the soil gets sufficiently dry and/or plants’
stomata close, the ratio of R,, that can be released through LH reduces. Consequently, the surface
warms more and sensible heat (SH) fluxes increases, which warms the near-surface air. In this
surface perspective, soil moisture, or the Bowen ratio (the ratio of SH to LH) critically controls the
warming magnitude.

Although both perspectives involve a partition of the total energy between moistening and
warming, there is a gap between the perspectives. The atmospheric perspective is used primarily
by the atmospheric dynamics community, and its reasoning relies on constraints that are end
products of atmospheric variables in an equilibrium state without explicit links to the changes in
soil moisture or vegetation dynamics that the surface perspective emphasizes. In fact, the moisture
constraint in the QE-WTG framework is derived from an “ocean influence model” (Chadwick
et al. 2016; Byrne and O’Gorman 2016, 2018). The surface perspective is familiar to the land-
atmosphere interaction community, and is process-based, but the physical constraints are based
on the local surface energy balance and there is a lack of connection to atmospheric processes
and to the global constraints offered by the atmospheric dynamics perspective. Furthermore, the
atmospheric perspective has mainly been invoked to explain large-scale (e.g. averaged across
zonal bands and/or over land and ocean) and time-mean changes (only recently applied to daily
time scales; Byrne 2021); whereas the surface perspective has widely been used for local extreme
days (e.g., Donat et al. 2017; Vogel et al. 2017; Duan et al. 2020; Dirmeyer et al. 2021).

In addition, there is a nuanced question regarding whether the climatological dryness, or the
change in dryness in response to increased CO;, is more important for amplified warming (dryness

is measured by specific humidity in the atmospheric perspective and soil moisture in the surface
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perspective). In the QE-WTG framework, the moisture constraint parameter 7y is calculated based
on the base-climate specific humidity alone, i.e., the amplified warming can be predicted for regions
that are climatologically dry (base-climate y smaller than one), whereas the surface perspective
often emphasizes changes in the soil moisture or surface flux partition with climate change. This
difference can cause confusion especially when the decrease of relative humidity (RH) or the
increase of climate aridity (measured by P/PET in the cited work) are discussed together with the
amplified warming (Sherwood and Fu 2014; Fu and Feng 2014; Byrne and O’Gorman 2018): one
may wonder whether more drying leads to more warming, or more warming leads to more drying.

In order to understand the equivalency, or lack thereof, between the two perspectives, we examine
the following questions in the context of climate models:

(1) Do the key variables in the two perspectives correspond to each other?

(2) How do the dryness measures between the two perspectives relate to each other?

(3) How do climatological dryness versus changes in dryness contribute to amplified warming
in each perspective?

Motivated by these questions, we first compare the full spatiotemporal distribution of key vari-
ables and their changes in the two perspectives using a process-based phase space of daily soil
moisture and the climatological aridity index, which captures both the temporal variability and the
climatological spatial variations in dryness (Duan et al. 2023). In the phase space, we can visualize
how each perspective manifests both across climatologically dry and wet regions as measured by
the climatological aridity index (Al), and across temporal variability in dryness and wetness within
locations that have similar Als. The data and frameworks we use are introduced in Section 2. We
discuss the applicability of the QE-WTG framework to explaining the spatiotemporal distribution
of warming and examine the moisture constraint’s connection with the land surface in Section 3.
We then use a diagnostic linearized perturbation model (see also Zeppetello et al. 2020; Chan
et al. 2022, for applications in land-atmosphere interactions) to discuss the relative roles of the
base-climate dryness versus the change in dryness for the magnitude of warming in Section 4.
This linearized perturbation model also offers an alternative way to view the connection of the two
perspectives. We briefly comment on the mechanistic connection of the two perspectives via the
association of the lower tropospheric temperature lapse rate to surface flux partition in Section 5

and provide a final summary in Section 6.
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2. Data and Methods

Data

We analyze simulations submitted to the Coupled Model Intercomparison Project
Phase 6 (CMIP6; Eyring et al. 2016). We take the first 30 years (1850-1879) in the histori-
cal experiment as the control (base) climate state, and years 121-150 in the abrupt-4xCO; (4xCO,
for short) experiment as the perturbed climate state. Climate changes in variables are charac-
terized by subtracting the base state from the perturbed climate state. We use the outputs from
nine models that have reported daily values of near-surface (2 m) air temperature (7'), specific
humidity (g), relative humidity (RH), surface soil moisture (SM, moisture in the top 10 cm soil
layer), surface latent heat flux (LH), surface sensible heat flux (SH), and upwelling and down-
welling shortwave and longwave radiative fluxes from which we calculate the net radiation at
the surface (R,, downward positive), for both the historical and 4XCO, experiments. The nine
models are: CanESMS5, CMCC-ESM2, GFDL-CM4, MIROC6, IPSL-CM6A-LR, INM-CM5-0,
MPI-ESM-1-2-HAM, MPI-ESM1-2-HR, and MRI-ESM2-0. The limitation to these specific nine
models mainly comes from the availability of surface soil moisture and surface flux outputs at
daily frequency in the 4XCO; experiment (e.g., daily SM is not available for CESM2, and daily
surface and radiative fluxes are not available for the ACCESS and EC-Earth models). Besides the
limitation due to the data availability, we only include one model from each modeling institution
even if outputs from the different versions of that model are available. In this case, we consider the
more recent version, or the higher resolution version that has the more complete set of variables
available. NorESM2-MM, FGOALS-g3, TaiESM1 have also reported daily surface soil moisture,
but a large amount of the soil moisture values are invalid and therefore they are not included.
In addition to the variables listed above, precipitation P in the historical experiment is used in
order to calculate the climatological Aridity Index (AI). Al is defined as Al =0.8R,,/(L,P). Arid
regions have larger Al under this definition, and the constant 0.8 is set empirically to account for
the fact that not all available energy goes into evapotranspiration even if soil moisture is abundant
(Milly and Dunne 2016; Koster and Mahanama 2012). To calculate the near surface air moist static
energy (MSE, MSE = ¢, T + L,q + gz, where c, is the specific heat of dry air, T is the surface air

temperature, L, is the latent heat of vaporization, ¢ is the surface air specific humidity, g is the
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gravitational acceleration, and z is the height above sea level), we also use the orographic height
variable. Since the orographic height will not change with climate change, we only need this gz
term when calculating MSE in one climate state. Temperature and geopotential height on pressure
levels (variable ta and zg) during 1850-1879 in the historical experiment are used to calculate
the temperature lapse rate between 700 hPa and the surface. Since MRI-ESM2-0 only reports
daily 3D variable after 1950, and daily 3D zg from CMCC-ESM?2 is not available, we use only
the remaining seven models for temperature lapse rates and profiles. We use the grid-cell land
area fraction variable to select land grid cells as those with a land area fraction > 99%. Since
we are interested in situations where we expect a strong land surface control on temperature, we
focus on the warm season, which we define as the 150 days centered on July 15 for the Northern

Hemisphere, and the 150 days centered on Jan 15 for the Southern Hemisphere.

The daily soil moisture/climatological aridity index (SM/AI) phase space

The land surface is highly heterogeneous: it ranges from very arid regions such as the Sahara
desert to very moist regions such as the Amazon forest. For a given location, temporal variability
of dryness/wetness can substantially affect the surface latent heat flux: LH that is more than
150 W/m? during average days can reduce to only a few tens of W/m? when the soil is dry (see
Fig. Alg). Furthermore, when considering changes of these hydroclimatic variables under climate
change, more complexity comes into play due to the non-linear relationship between LH and soil
moisture. In particular, for a fixed amount of net radiation at the surface, LH increases with SM
in the transitional regime but is not sensitive to SM in the dry and wet regimes (e.g., Seneviratne
et al. 2010) and decreases with SM in the active-rain regime (Duan et al. 2023). As a result,
when soil dries under climate change, LH decreases in the transitional regime while increases in
the wet regime due to increases in net radiation (Duan et al. 2023). These different changes in
LH can lead to different responses in surface air temperature: warming will be magnified in the
transitional regime due to reductions in latent cooling, in contrast to the behavior in the wet regime.
Since places with different climatological dryness have different percentages of days in each of
the LH-SM regimes, averaging over time that contains both local wet and dry days, or averaging
over locations with different local soil moisture distributions can lead to substantial canceling of

signals and result in an averaged behavior that is hard to interpret. Moreover, models represent
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the spatiotemporal distribution of soil moisture and the evapotranspiration—soil moisture functions
differently, resulting in further uncertainty.

Duan et al. (2023) presented a process-based phase space constructed using daily soil moisture
and the climatological aridity index and showed that, when organizing the highly heterogeneous
land hydroclimatic variables in this phase space, one can acquire coherent patterns of changes across
models and across variables. The coherent patterns in this SM/AI phase space are in contrast to
the highly uncertain results in the geographical map view (Fig. S3 of Duan et al. (2023)). Here
we adopt this method, and process the model fields that have dimensions of calendar days and
geographical locations into phase-space grids consisting of 50 temporal bins and 50 spatial bins.
The horizontal axis of the phase space is formed by the temporal bins, and calculated by sorting
the original data according to the daily SM and placing 2% of the 4500 days in each bin. These
temporal bins represent local dry days to wet days. The vertical axis of the phase space is formed by
the spatial bins, and calculated by sorting the original grid cells (for both the base and the 4xCO;
climate states) according to the base-climate warm-season mean Al and placing 2% of the tropical
land area (30°S—30°N) in each bin. These spatial bins represent the climatologically moist regions
to climatologically arid regions. We then take the area-weighted average of data in each bin and
plot the bin-average values as shadings. Fig. Al and Fig. 3 show a number of variables and their
changes displayed in this SM/AI phase space. We refer to the average in each of the 50 X 50 bins as
data “under a certain spatial-temporal condition”. We normalize changes in variables in the phase
space by the tropical mean ocean warming [T], in each model before averaging over models to

accounts for the different climate sensitivities across models.

The diagnostic linearized model for the magnitude of warming

Both perspectives consider a partitioning of a total energy (MSE) or energy flux (R,) between a
temperature component (¢, or SH) and a humidity component (L, g or LH). Here we reduce the
variables in the balance relations and rearrange them to relate the temperature component to the
total energy/energy flux by a partition factor. When considering climate change, we decompose
changes in the total energy/energy flux into a component with an unchanged base-state partition
factor and a component representing the contribution from changes in this partition factor. This

method of decomposition helps us compare the partitioning in the two perspectives, and diagnose
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the relative importance of the base-climate dryness versus the change in dryness under climate
change in contributing to the amplified warming over tropical land. Distinguishing between the
role of the base climate state and changes to that state is important, because information about the
base climate state is also available from observations, and can be used to make predictions and
constrain climate change projections. We derive the relations below.

In the surface flux perspective, the total net energy flux received by the surface is the net radiation
R,. R, is largely balanced through the surface sensible heat flux (SH) and the surface latent heat
flux (LH), with a small component G going into the ground. In general, the surface energy
balance R, — G = SH+LH, can be approximated as R,, ~ SH+LH. The Bowen ratio, B=SH/LH,
summarizes the relative partitioning between SH and LH. When the Bowen ratio is higher, more of
the incoming heat goes into SH, which warms the near-surface air. Using B, we can write SH+LH

as (B+1)B~'SH, and then have

B+1
anSH+LH:%SH:‘PSH (1)

where ¥ = (B+1)/B =~ R,/SH. In this way, we associate the total energy flux to SH through a
ratio ¥. Below, we link SH to temperature. The inverse, 1/, is the fraction of R,, balanced by
SH, and is strongly related to the dryness of the surface (i.e., soil moisture).

While the surface flux perspective is based on partitioning of the net radiative flux, the atmo-
spheric dynamics perspective is based on partitioning of the total energy MSE, which is assumed
to be uniform across the tropics in QE-WTG theory. Leaving aside the gz term in MSE that will not
change under warming, the moist enthalpy (ME = ¢, T + L, q) consists of a temperature component
¢, T (the dry specific enthalpy), and a moisture component L, g. By a similar approach to that used
above for surface fluxes, we can use the ratio between these two components as b = (c¢,T)/(L,q)
to write ME as

b+1
ME:MSE—gz:cpT+qu=TcpTzwcpT, (2)

where ¢ = (b+1)/b =ME/(c,T). In this way, we associate the total energy to surface air
temperature, through a ratio . The inverse, 1/, is the fractional contribution of the temperature

component in the total ME. Thus, the surface energy and atmospheric dynamic views can be

10
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written in somewhat comparable forms (see Table 1), and we will compare these parameters and
their changes in the remainder of the paper.

Under climate change, the variables in Eqs. 1 and 2 can be expressed as a base state combined
with a perturbation (A). By dropping the non-linear interaction terms between the perturbations
(residuals of the linearization are shown in Fig. Blab in Appendix B), the equations that govern

the atmospheric and land perspectives can be written as,

AMSE = AME = yc,AT +c,TAy, 3)

and
AR,, ~ YASH + SHAY 4)
~ WkAT + SHAY (5)

In Eq. 5, we have assumed that ASH = kAT where « is a constant i.e., the sensible heat flux
anomalies can be linearly related to the temperature anomalies using a proportionality constant,
following the concepts in Vargas Zeppetello and Battisti (2020); Chan et al. (2022); Kong et al.
(2023). This allows the land perspective to be written in terms of a dependence on AT, analogous to
the atmosphere perspective. We examine this assumption in more detail and discuss its limitations
in Appendix C. It is important to note that MSE is an energy that directly contains the 7 component,
while R, is a flux balanced by two fluxes that affect and are affected by T and ¢. This leads to a
more exact relationship between AT and AME in Eq. (3) while a more approximate relationship
that relies on an additional parameter, «, in Eq. (5).

From here, we can write the temperature change in association with either a change in MSE or

R, as:
AMSE —¢,TA
T= pl AV (©)
c pap
and
AR, — SHAY
AT=—m———. (7
k¥

In Eq. 6 and Eq. 7, AMSE and AR,,——change of the total energy or energy flux—can be regarded

as analogs of the “forcing” used in studies of climate sensitivity and feedbacks (Roe 2009; Held
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and Shell 2012; Zelinka et al. 2020). Because we analyze the changes between two climate
states approximately in equilibrium, the “forcing” terms include changes in climate that lead to
equilibration, such as increases in upwelling longwave radiation. Therefore, they are a combination
of forcing and response, but we can understand these responses of the total energy and energy flux
as relatively externally constrained (external to the temperature response), and we analyze the
temperature response given these changes in the total energy/energy flux (the forcing analog).

The terms (cpzp)_l in Eq. 6 and («¥)~! in Eq. 7 can be understood as the sensitivity of the
temperature response to the forcing analog (the total energy/energy flux). The specific heat of dry
air, ¢, is a physical constant. For simplicity, we also consider « to be a constant as discussed above.
Therefore, in the following sections, we take ~' and W~ as the sensitivities in each framework,
which are solely determined by the base-climate state.

The terms —c,TAy and —SHAY are the contribution of the change in the partition factor (¥
and W, the inverse of which is the sensitivity discussed above) to the magnitude of warming, and
we refer to them as the “repartition” terms. Specifically, the terms summarize the changes in
the partitioning of MSE into 7" and ¢ for the atmospheric framework, or the partitioning of R,
into SH and LH for the surface energy balance framework. The sign of the repartition terms is
consistent with their effect on the temperature response: positive values indicate that the balance
is repartitioning in a way that will increase the temperature response, and decrease the moisture
response.

A summary of the balance relations, their linearized perturbation equations and relevant terms

for the two perspectives are listed in Table 1.

3. Comparing the two perspectives across the spatiotemporal distribution

Previous results based on the QE-WTG framework (Byrne and O’Gorman 2013, 2018; Byrne
2021) are often displayed in terms of zonal averages, and results from the surface perspectives
(e.g., Donat et al. 2017; Vogel et al. 2017) are often reported as a temporal maxima (or the highest
percentiles). Here we compare the full spatiotemporal distribution of key variables in the two
perspectives. To do so, we employ the SM/AI phase space as described in Section 2. Recall that in
this phase space, the horizontal axis captures temporal variability as measured by local daily soil

moisture (SM) percentiles , and the vertical axis captures spatial variability as measured by the

12
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TaBLE 1. A summary of the equations and terms considered for the base-climate physics and climate change

perturbations in the atmospheric-dynamics and the surface-flux perspectives.

Constraint Balance Partition factor Derived relation
T
MSE (ME) | ME=MSE-gz=c,T+L,q b:iﬁq,w:% ME =y, T
R. (R) R=R,-G=SH+LH B=33, v=2d R=YSH
Linearized perturbation fe Change of | Repartition
relation T response Sensitivity the total term
N _ AMSE—c,TAy 1
AMSE ~ prAT'FCpTAlﬁ AT ~ T‘/’p Cp_l// AMSE —CpTAlﬁ
AR, ~ kAT + SHAY AT ~ BRa=SIAY + AR, ~SHAY

climatological Aridity Index (AI) percentiles. The isoline of a surface soil moisture value of 20
kg/m? is shown as a black contour (solid for the base climate and dashed for the 4xCO, climate).
This line roughly indicates the critical soil moisture, SM,;, that marks the transitional regime in
the Budyko curve where soil moisture limits evapotranspiration and the soil moisture-temperature
feedback is the strongest. While its specific value can vary across models, time, and region, this
value can be used as a rough indicator in CMIP6 models (Duan et al. 2023). To the lower-right
of this line are wetter conditions, both spatially and temporally, and to the upper-left are drier

conditions.

a. The atmospheric perspective

In the atmospheric perspective, change of the total energy (AMSE, Fig. 2a) is split, by definition,
between warming (c,AT, Fig. 2b) and moistening (L,Aq, Fig. 2¢). AMSE (Fig. 2a) shows an
increase across all 50 x 50 temporal and spatial bins with a value ranging from 3.3 to more than
4.2 kJ/kg per degree of mean tropical ocean warming. The warming magnitude (AT, Fig. 2b) is
smaller in moist conditions (lower right) while it is larger in dry conditions (upper left), maximizing
over the desert regions. Warming around the critical soil moisture contours in moist regions is

also strong, and this amplified warming center around SM; is more evident in changes of the
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Fic. 2. Changes in the surface air (a) moist static energy (MSE), (b) temperature converted to energy units
(cpT), (c) specific humidity converted to energy units (L, q), between the 4 X CO, climate state and the base
climate state displayed in the phase space of daily soil moisture percentiles (horizontal axis), and climatological
Aridity Index percentiles (vertical axis). (d) Deviation of the moist static energy (MSE) over land from the
corresponding (corresponding day and latitude) zonal mean values over the ocean ((MSE],) in the base climate;
(e) deviation of the MSE over land from the corresponding precipitation-weighted zonal mean values over the
ocean ([MSE]g ) in the base climate, (f) changes of the deviation of the land MSE from [MSE]g between the
4xCO, climate state and the base climate state. Changes of variables are normalized by the mean tropical ocean
warming [AT], in each model before averaging over the models. The black contours (solid for the base climate
and dashed for the 4xCO, climate) are the isolines of the surface soil moisture value of 20 kg/m? which roughly
marks the conditions in the transitional regime of the Budyko curve. The green contour is the isoline of the daily

mean precipitation rate of 0.5 mm/day. See text for more details.

daily-maximum temperature (not shown). Specific humidity ¢ increases under all conditions, and
the magnitude is generally contrary to that of AT, i.e., wetter conditions moisten more and warm

less, while drier conditions moisten less and warm more.
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Mathematically, the QE-WTG framework (Byrne and O’Gorman 2013, 2018; Byrne 2021)

predicts warming over land as:

AT" = (AMSEF - L,Aq")/c, = (AMSE? —yL,Aq?)/c,
= ATO +(1-7) 2 ag” ®)
Cp
In this equation, the super-script L and O denote land and ocean, as in the original work. 7, as
mentioned in the Introduction, is the ratio of g to its corresponding zonal mean value over the
ocean in the base climate (y = g*/¢?). v is assumed to be constant with climate change and
therefore Agt = yAq©.

In the QE-WTG framework, AMSE is generally assumed to be uniform across various divisions
of the tropics. For example, Byrne and O’Gorman (2013, 2018) assumed uniform annual-mean
changes across land and ocean for a given latitude, and Byrne (2021) showed uniform changes in
CMIP6 models for the upper 50 MSE percentiles across time and locations over land and ocean.
With this assumption, amplified warming is then predicted in conditions with less moistening. The
general “less moistening—more warming” correspondence we see in Fig. 2b and Fig. 2c seem to be
consistent with the theory of this QE-WTG framework. However, it is interesting to note that we
also see the less moistening-more warming relationship over the desert, despite the fact that there
i1s almost no moist convection over the desert, so the region is not expected to be in convective
quasi-equilibrium as required by the theory. Indeed, as we can see in Fig. 2a, the change in MSE is
noticeably smaller in deserts than other regions, since there is a lack of coupling between the desert
boundary layer and other regions that are dominated by moist convection. Thus, the assumption of
equal change in MSE that has been applied previously to other groupings of regions in the tropics
appears to break down in the phase space we consider, particularly in the drier days and regions
that warm the most.

To further test the QE-WTG framework regarding the assumption about the uniform MSE in the
AI/SM phase space, we compare the MSE at a certain spatiotemporal condition over land to the
corresponding day and latitude zonal mean values over ocean in the base climate in Fig. 2d. If all
conditions satisfy QE and WTG (especially QE, since WTG holds relatively well across locations in

the tropics, see Fig. 6¢), the values in Fig. 2d should be approximately zero, indicating that MSE over
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land roughly equals the corresponding value over the ocean. However, Fig. 2d shows greater-than-
zero values for wet conditions and less-than-zero values for dry conditions. Zhang and Fueglistaler
(2020) showed that this equal-MSE assumption holds better when conditioned on precipitating
situations (we refer to this as the revised equal-MSE assumption below). Following their approach,
Fig. 2e shows the MSE at each location over land with the corresponding precipitation-weighted
zonal mean values over ocean ([MSE]f ) subtracted. We can see that most of the moist conditions
(to the right of the black line of the SM,j;, or the green isoline of the precipitation rate 0.5 mm/day)
approximately satisfy the revised equal-MSE assumption. For dry conditions, land MSE still
deviates from [MSE]Y by more than 10 kJ/kg. This deviation is expected because, as mentioned
above, these very dry conditions do not satisfy the QE assumption that relies on active moist
convection.

QE-WTG suggests equal MSE over land and ocean in each of the base and the warm climate
states, from which the equal change of MSE over land and ocean is derived. Fig. 2f shows changes
of the MSE deviation from the precipitation-weighted ocean zonal mean value over land between
the warm and the base climate states, i.e., AMMSE- [MSE]f ). Note that even in the moist conditions
where the difference between land and ocean is close to 0 in the base climate (to the lower right
of the black line in Fig. 2e), the MSE increase over land with climate change is still larger than
the increase over the precipitating ocean. The magnitude of this deviation (difference between
MSE increases over land and ocean) can be as large as 0.3-0.5 kJ/kg (0.3-0.5 K in temperature
units) for each degree of tropical mean ocean warming. Thus, while these assumptions are
necessary to form the over-arching theory of QE—WTG, and have been used to successfully explain
the behavior of climatological averages over large domains (e.g. land and ocean averages), their
accuracy diminishes when considering the spatiotemporal distribution in this manner. In applying
the QE-WTG framework to extreme temperature at the daily time scale, Byrne (2021) added a term
(Ah) to address the smaller changes in MSE during hot days over land that are evident in our phase

space (Fig. 2f).

b. The surface perspective

For the surface flux perspective, changes in the total energy flux, i.e., the net radiation at the

surface (R, ; Fig. 3a) are partitioned between changes in the surface sensible heat flux (ASH, Fig. 3b)
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The surface perspective
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Fic. 3. Changes in the surface air (a) surface net radiation (R,,), (b) surface sensible heat flux (SH), (c) surface
latent heat flux (LH), and (d) soil moisture (SM), (¢) SH plus upwelling longwave radiation (SH + LWy,), and (f)
relative humidity (RH) between the 4 x CO; climate state and the base climate state, displayed in the phase space
of daily soil moisture percentiles (horizontal axis), and climatological Aridity Index percentiles (vertical axis).
Changes in these variables are normalized by the mean tropical ocean warming [AT], in each model before
averaging over the models. The black contours (solid for the base climate and dashed for the 4xXCO; climate) are
the isolines of the surface soil moisture value of 20 kg/m? which roughly marks the conditions in the transitional

regime. See text for more details.

and changes in the surface latent heat flux (ALH, Fig. 3¢), with a negligible change in ground heat
fluxes (not shown). R, increases under all spatiotemporal conditions of dryness and wetness,
with the maximum increase in wet conditions (around 3 W/m? per degree of ocean warming) and
smallest increase over the desert (around 1 W/m? per degree of ocean warming). The pattern
of AR, across the spatiotemporal states is highly similar to the pattern of AMSE (Fig. 2a); their
correlation across the 2500 bins in the phase space is 0.85. This close correspondence between

the changes in the total energy in the surface air and changes in the total energy flux at the surface
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may be explained by the following two possibilities: one is that increases in R,, drive the increases
in MSE; the other is that increases in g (Fig. 2c), which is the dominant component in AMSE
(Fig. 2a), result in increases in R, through the increased radiative emissivity of moister air.

Except for the very dry conditions where changes in LH are near-zero, and the transitional
conditions around SM,,;; where LH decreases and SH increases, changes in R,, are predominantly
balanced by increases in LH. In particular, in the wet conditions (those to the right of SM;;), LH
increases by about 2-3 W/m? per degree of mean ocean warming, while SH changes much less
(or even decreases), by +1 W/m? per degree of mean ocean warming. Recall that, in these same
moist locations and times, increases in specific humidity also dominate the increases in MSE, and
the warming magnitude is similar to that over ocean (Fig. 2b).

For the transitional conditions around SMj;, decreases in LH are substantial (Fig. 3c). The
decrease in LH is driven by drying of SM (Fig. 3d, also indicated by shift of the SM;; isoline to
higher percentiles), and is compensated by strong increases in SH. The increase in SH and decrease
in LH in the transitional conditions correspond to amplified warming in these conditions (Fig. 2b),
reflecting the role of surface flux repartitioning in exacerbating the warming. It is interesting to
note, however, that even though LH decreases in these transitional conditions, specific humidity
increases (Fig. 2¢). This reflects the role of other sources and sinks of surface air specific humidity
besides the local land surface evapotranspiration. Meanwhile, RH decreases (Fig. 3f), suggesting
that specific humidity has not increased enough to match the increase in the saturation specific
humidity. RH is often taken as a reflection of the atmospheric dryness; the decrease of RH
along SM_,; despite the increase of the specific humidity indicates that soil moisture—temperature
feedback is an important contributor to the decrease of RH over land.

In arid regions (upper quarter of the phase space), in the base climate state, LH is small (deserts
are dry) and R, is predominantly balanced by SH. With climate change, changes in LH will be
small (deserts remain deserts) and we might expect large increases in SH, corresponding to the
pronounced warming (Fig. 2a). However, we see here that changes in SH in these arid regions are
also small. This is because both the surface and near surface air warm substantially, and the increase
of long wave radiation (which scales with 7%) is faster than the increase of SH (which scales with
T); i.e., upwelling long wave radiation (LW ) is partly playing the role in the energy balance that

is played by SH in other regions. Adding changes in LWy, Fig. 3e reproduces the pronounced
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increases in the arid regions. Nevertheless, increases in R, in these arid regions are small and the
surface energy balance (R, ~ SH+LH) is still obeyed. The comparisons in Fig. 3abce here are
consistent with and supplement the discussion of surface flux changes under different regimes of

the temperature distribution change in Duan et al. (2020).

c. A discussion on the moisture constraint
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FiG. 4. (a) the land—ocean specific humidity ratio (the y in Byrne and O’Gorman (2013, 2018), calculated as
the specific humidity ¢ at each land grid cell divided by the corresponding ocean zonal mean specific humidity
[9]o), (b) fractional changes in y normalized by [AT],, displayed in the phase space of daily soil moisture
percentiles (horizontal axis), and climatological Aridity Index percentiles (vertical axis). The black contour is
the isoline of the surface soil moisture value of 20 kg/m?. (c) RH and the Bowen ratio B. Each dot represents
one bin among the 50 x 50 spatial-temporal bins in the AI/SM phase space as in Fig. 3 and 5, and is color-coded
by its SM value in the base climate. The blue/red dots in panel (c) show the theoretical scaling by the Surface

Flux Equilibrium, red using RH to calculate B and blue using B to calculate RH. See text for more details.

As mentioned in Sections 1 and 3a, the stronger warming predicted over land in the QE-WTG
framework emerges from the moisture constraint that Ag” = yAq©, which is derived based on
the transport of atmospheric moisture from the ocean (Byrne and O’Gorman 2016; Chadwick
et al. 2016). While the derivation of this moisture constraint emphasizes ocean control — specific
humidity over land is assumed to follow specific humidity over ocean, which increases with
warming approximately at the rate of the Clausius-Claperon scaling — land specific humidity is
also affected by land-atmosphere exchanges (e.g. Van der Ent et al. 2010). A drier land surface
will tend to result in lower evapotranspiration and, for a given amount of moisture convergence

(although the two do not operate independently), a smaller y. When the moisture constraint is
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applied to climate model simulations, the value of y is calculated as the local climatological g*
at each land grid cell divided by the corresponding zonal mean ¢ (Byrne and O’Gorman 2016,
2018), and is spatially-variable. Therefore, the moisture constraint (atmospheric perspective)
contains information of the spatially-variable surface dryness (surface perspective). Note that the
results in Byrne and O’Gorman (2016, 2018) were presented as averages over latitudinal bands or
the entire 40°S—40°N domain, which is an average across the underlying variability of y.

We use the same method as in Byrne and O’Gorman (2016, 2018) to calculate y on each day,
and present its spatiotemporal distribution in the SM/AI phase space in Fig. 4a. Examining across
the spatiotemporal distribution, y ranges from less than 0.2 in the very arid regions to about 1.2 in
the wettest days (high local SM percentiles) in semi-arid and semi-moist regions. The lowest row
(the lowest Al percentile bin) contains many grid cells in the upwind slope of the Tibetan Plateau
where it rains heavily from the orographic lifting; therefore Al is small (Al ec R,/ P) but the specific
humidity (and ) is not necessarily high (since temperature is low at high orographic altitude).

Under climate change, the moisture constraint assumes that the ratio y remains constant, but
this may not hold if evapotranspiration changes are substantial and not compensated by changes in
moisture convergence. The change in y is shown in Fig. 4b. We first draw the readers’ eye to the
decrease of y aligning along the critical soil moisture lines where changes in surface conditions
are the strongest as emphasized by the surface perspective (see Section 3b). In Fig. 4b, for each
degree warming, y decreases by about 1% in the water-limited transitional regime for the CMIP6
multi-model mean. This suggests that, when ¢© increases by 7%/K, g* in these conditions, due
to the decrease of vy, will increase by 6%/K (taking the log and then taking the climate change
difference on both sides of ¢l = yq? yields Agl/qt = Aq®1q° + Ayly). For q* ~ 16 g/kg
(L,q" ~ 40 kJ/kg, see Fig. Alc), the 1% change in y will produce a deviation of about 0.4 kJ/kg
in L,Ag" (which, assuming an accurate constraint of AMSE by QE and WTG, leads to a 0.4 K
deviation in the prediction of ATL), for each degree of ocean mean warming. In applying the
QE-WTG framework to predict the magnitude of land warming, this deviation brought by the
moisture constraint assumption will partly compensate the deviation brought by the equal MSE
assumption (the MSE increase in these conditions is smaller, see Fig. 2a and f). Note that in these
transitional conditions where y decreases, LH also decreases (Fig. 3¢). While we do not perform

a moisture budget analysis here, this correspondence suggests the role of changing land-sourced
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moisture in controlling changes in y. In Byrne (2021) which applies the QE-WTG framework to
discuss warming of the upper temperature percentiles, both the drier base-climate g and a decrease
of RH on those high temperature percentile days contribute to the amplified warming, and both of
these have connections to the land surface.

Another domain in the phase space in Fig. 4b that shows perceptible changes in vy is over the
arid land regions: 7y increases by a much larger fractional rate. The driving mechanism for this
increase is not yet clear: at the top soil moisture percentiles in these arid regions, both rainfall and
LH (see Fig. 3c) increase; the overall increase in y and the moistening at the top soil moisture
percentiles in these arid regions can result from both changes in the transport of moisture and local
evapotranspiration.

While the atmospheric community conceptually emphasize the ocean control on y as discussed
above, the land community emphasizes the land control. In particular, the theory of “Surface Flux
Equilibrium” (SFE) from the land community (McColl et al. 2019; McColl and Rigden 2020)
derived that

cp 1
RH= -2

" L.¢B )

where ¢ is the derivative of saturation specific humidity ¢*(7) with respect to temperature (¢ =
%|T3L = %). This SFE is derived with the assumption that the boundary-layer RH is in
equilibrium at and beyond daily timescales and the surface heating from SH balances surface
moistening from LH (i.e., other sources and sinks for the BL heat and moisture budgets are
neglected). The implication of SFE (Eq. 9) is that, if we know the Bowen ratio, we can know the
boundary layer RH, and vice versa.

Boundary layer RH in the base climate can be effectively regarded as an key indicator for the
warming/moistening partition in the atmospheric perspective, similar to y: while vy is the key
parameter in the mathematical form of the QE-WTG framework, the physical intuition for the
importance of base climate moisture in controlling warming magnitude draws upon the cloud-base
height above which the temperature lapse rate shifts to follow a moist adiabat from a dry adiabat
(see Fig. 1b). The cloud-base height is tightly related to the boundary-layer RH (Betts 2009),
and therefore the base climate state of both can be regarded as the key control for the warming

magnitude under the atmospheric perspective. In fact, when Byrne and O’Gorman (2013) first

formed the QE-WTG framework based on equal equivalent potential temperature 6, over land and
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ocean, the decomposition for the land/ocean warming ratio was based on RH. Altogether, the SFE
relation in Eq. 9 that directly associates RH with the Bowen ratio, is directly relating the key control
in the atmospheric perspective to the key control in the surface perspective.

Fig. 4c shows the relationship between RH and the Bowen ratio B for each box in the SM/AI
phase space, with the color indicating the soil moisture. RH shows an inverse relationship with
B, as expected. This inverse relationship suggest a strong land surface origin for the boundary
layer RH: the surface influences RH through both controlling the source of water vapor through
evapotranspiration and affecting temperature. The red and blue dots in Fig. 4c show the results
when assuming SFE (Eq. 9; red dots use RH to calculate B and blue dots use B to calculate
RH). SFE qualitatively captures the inverse relationship between RH and B, but there are notable
deviations from what is simulated by the climate models, which likely result from the assumptions
made in the derivations of SFE, although uncertainties of model parameterization of surface fluxes
may have also contributed. For example, in wet conditions (green dots in Fig. 4c), SFE-based RH
is higher than the actual RH, since moisture would likely be transported out of the boundary layer.
In dry conditions (brown dots in Fig. 4c) SFE-based RH is lower than the actual RH because water
vapor can be transported into dry regions. Contributions from these non-surface processes would
moderate the atmospheric RH for a given Bowen ratio. While some of these correspondences may
seem intuitive, we make them explicit because soil moisture and its changes do not appear directly
in the QE-WTG framework, while studies based on the surface flux perspective do not typically

rely on the behavior of the large-scale transport of moisture.

4. Base-climate sensitivity and changes in partition in the two perspectives

To what extent can the two perspectives explain the spatiotemporal warming pattern over land
in climate models? Recall that in Section 2, we derived a relationship between the magnitude of
warming in each perspective and three components: changes of the total energy/energy flux, the
base-climate partition between the temperature and the moisture component (the inverse of which
is termed the base-climate sensitivity), and the changes in this base-climate partition (Eqns. (6),
(7)). The comparison of various relations for the two perspectives is listed in Table 1. In the
following we examine the spatiotemporal distribution of the base-climate partition and its changes

under warming, and the contribution of the base-state partition versus its changes to the warming
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F1G. 5. (a, d) the base-climate sensitivity (1/¥ and 1/), (b, e) the repartition term ( ~SHAY and —c,TAy;
a positive sign corresponds to a repartition towards enhancing warming), and (c, f) the relationship between
the magnitude of warming AT (normalized by mean tropical ocean warming [AT],) and the base climate
sensitivity in the surface (c) and the atmospheric (f) perspectives. Small dots in (c) and (f) represent the 50 x 50
spatiotemporal bins, and are color-coded by the repartition terms as shown in (b) and (e); large dots in (c) and (f)
are the temporally-averaged values of warming and base-climate sensitivity for the 50 spatial bins, color-coded

by percentiles of the aridity index (AI).

magnitude. This alternative way of decomposition provides us a complementary view of the two
perspectives.

Figures 5a and d show the spatiotemporal distribution of the base-climate sensitivity. For
both the surface (Fig. 5a) and the atmospheric (Fig. 5d) perspectives, the base-climate sensitivity
is larger for drier conditions (upper-left) and smaller for wetter conditions (lower-right). Recall
that in the surface perspective, base-climate sensitivity $Y~! = SH/R ~ SH/R, is the ratio of
the surface sensible heat flux to the total net radiation; and in the atmospheric perspective, base-
climate sensitivity y ! = ¢ »T' /ME is the ratio of the temperature component of energy (dry specific
enthalpy) to the total moist enthalpy. Both reflect the dryness in the base climate, because they

indicate how much of the available energy/energy flux is partitioned into temperature/heating rather

23



559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

than moisture/evapotranspiration. The correlation between the atmospheric and surface sensitivity
1s high (0.99, see also Fig. 6a), reflecting the tight connection of the two perspectives in the base
climate.

The surface sensitivity 1/¥ (Fig. 5a) ranges from 0 to 1: values over the desert are close to
1, indicating that R, at the surface is almost entirely balanced by SH; values in very high SM
percentiles over moist and semi-moist regions are close to 0, indicating that R,, is almost entirely
balanced by LH. The atmospheric sensitivity 1/ (Fig. 5d), however, has a smaller range and is
generally higher than the surface sensitivity (ranges from 0.88 for moist regions to 0.96 for arid
regions). This indicates that in one climate state, for a given location, the near surface dry specific
enthalpy (c,T around 300 kJ/kg, see Fig. Alb in Appendix A) dominates the total moist static
energy (around 325 in arid regions to 345 kJ/kg in moist regions, see Fig. Ala). This is in contrast
to the variability across the spatiotemporal distribution, and the climate change values, for which
the latent energy (L,q) values dominate those in surface air MSE.

Fig. 5b and e show the repartition term in Eq. 6 and Eq. 7. The repartition term captures the
contribution of changes in the partition factor (¢ and ¥) to warming. The patterns of the repartition
terms —c,TAy and —SHAY are dominated by the patterns of changes in the partition factor —AY
and —Ay (compare Fig. Sbe with Fig. Bldc in Appendix B). In the surface perspective, the surface
flux partitions towards higher latent heat flux under wet conditions (blue shadings in Fig. 5b) and
towards higher sensible heat flux under intermediate (transitional and some wet) conditions (red
shadings in Fig. 5b). Under dry conditions, changes in the partition factor are small, as are changes
in SH and LH, except at the high soil moisture percentiles associated with rainy conditions.

The behavior of the repartition term in the atmospheric perspective contrasts with its behavior
in the surface perspective: the atmospheric partition factor changes towards moistening under all
conditions, although the magnitude of the repartition towards moisture is smallest in dry conditions
in correspondence with the surface flux perspective (Fig. 5¢). The inconsistency of the pattern in
Fig. 5e compared to that in Fig. 5b reflects that, the atmosphere is responding to changes in land
surface ET, but is generally getting moister under the influence of ocean as the globe warms. There
is also a possible contribution from changes in the evaporation of precipitation, since it is a source

of boundary layer specific humidity.
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Having established the spatiotemporal structure of the key terms in our diagnostic equations, we
test their relationship to the warming magnitude. Fig. Sc and f shows the warming magnitude in
each of the 50 x 50 bins as a function of the base-climate sensitivity, with the small dots color
coded by the repartition term. This clearly demonstrates the relationship between the warming
magnitude and the base-climate sensitivity in both perspectives: higher base-climate sensitivity
(drier base-climate conditions) leads to a larger magnitude of warming. The larger dots show
the temporally-averaged values of warming and base-climate sensitivity across the 50 Al bins,
color-coded by the percentile of Al in each spatial bin. Here, we also see that climatologically arid
regions warm the most and climatologically moist regions warm the least.

Eq. 6 and Eq. 7 suggest that if AR, and AMSE are relatively uniform, and the repartition term
is close to zero, the warming magnitude will scale linearly with the base-climate sensitivity. In
Fig. 5c and f, we indeed see the general linear increase of AT with 1/¥ and 1/y¥. However,
during the intermediate conditions between the very wet and dry (those with a surface sensitivity
of 0.2 < 1/¥ < 0.8, and an atmospheric sensitivity of 0.88 < 1/ < 0.93), there is a spread in AT at
a given base climate sensitivity. This spread is consistent with the repartition terms (color shading
of the dots). In these intermediate conditions, when surface flux partitions towards SH (red dots
in Fig. 5c), the warming magnitude is amplified. Conversely, when surface flux partitions towards
the LH (blue dots in Fig. 5c), the warming magnitude is dampened.

The similar and quasi-linear relationship (especially for the time-mean; the large dots in Fig. 5cf)
between the warming magnitude and the base-climate sensitivity in both perspectives indicates
that in climate models, the climatological dryness, both for the surface and the atmosphere, largely
explains the spatial pattern of the warming magnitude. This is to say, we do not need drying of soil
to explain the approximate spatial distribution of the mean warming. However, drying of soil and
changes in the surface flux partition is important to explain the variability of warming at shorter

time scales, especially during intermediate conditions between wet and dry.

5. Discussion: the lower tropospheric temperature lapse rate and the surface fluxes

The atmospheric perspective is top-down: starting from the same temperature in the free tropo-
sphere constrained by WTG and moving downward, a larger mean lapse rate has to be associated

with a higher surface air temperature, as well as a larger magnitude of surface air warming for a
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given change in free tropospheric temperatures. Fig. 6¢ shows the temperature profiles over a few
regions of different surface aridity in CMIP6 models for the base climate. They are, from moist
to arid: the ocean averaged over the tropics (blue), the Amazon forest (green), the land averaged
over the tropics (black), and the Sahara desert (orange). In the free troposphere (above roughly
3 km), the temperature over the different regions is relatively uniform, and approximately follows
the moist adiabat (the dashed pink line), as assumed in both Joshi et al. (2013) and the QE-WTG
framework. In the lower troposphere, the temperature lapse is indeed closer to a dry adiabat for
more arid regions, and closer to a moist adiabat for more moist regions, although in all cases
the simulated lapse rate falls between these two edge cases. Note that the QE-WTG schematic
(Fig. 1b; Byrne and O’Gorman 2013) is comparable to the lapse rate schematic (Fig. 1a; Joshi et al.
2013) and the CMIP6-based lapse rates (Fig. 6¢) because the higher the cloud base, the longer path
in the lower troposphere where temperature follows the dry adiabat, the larger the mean lapse rate
in the lower troposphere. In this context, the lower tropospheric lapse rate, the cloud base height,
and the boundary layer RH are closely related, and variously act as the key control for the warming
magnitude in the atmospheric perspective.

The surface perspective is bottom-up: temperature increases more when SH is higher for a given
change in R,. Fig. 6b shows a strong positive relationship between the mean temperature lapse
rate in the lower troposphere and the ratio of SH to total turbulent flux R (SH/R, our base-climate
sensitivity), where R = R, — G = SH+LH = R,,. The outliers in the figure are the 50 temporal bins
in the first Al bin, which are located at the edge of the Tibetan Plateau around Nepal. As mentioned
in the context of Fig. 4a, this region has a very small Al due to a large amount of orographic
precipitation, but the high orographic altitude makes the temperature lapse rate between 700 hPa
and the surface small, since the level of 700 hPa is within the boundary layer. We can qualitatively
understand the connection between the lapse rate and SH/R as follows: in drier regions, SH is a
higher fraction of R, so the energy received by the surface is turbulently diffused into the boundary
layer rather than (potentially) transported out as water vapor. In addition, drier regions also have
less horizontal moisture convergence in the lower troposphere, which is associated with less rain.
Higher SH and lack of rain at the surface result in a warmer surface air relative to aloft; combined
with WTG in the free troposphere, the warmer surface air over drier regions yields a larger mean

temperature lapse rate in the lower troposphere.
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Fic. 6. The relationship between the base-climate (a) atmospheric sensitivity 1/ and surface sensitivity 1/¥,
(b) temperature lapse rate between the 700 hPa level and the near surface level (—dT/dz) and surface sensitivity
1/W (the fraction of SH in the total enthalpy flux R), and (c) warm season mean temperature profiles during
1850-1879 from CMIP6 models (see Section 2 for details), averaged over tropical (30S—-30N) ocean (blue),
tropical land (black), Amazon forest (15°S-0°, 70°W-55°W; green) and Sahara desert (20°N-30°N, 10°E-30°E,
orange). The two pink dashed lines in panel c illustrate the temperature profile below 700 hPa if following the
dry adiabat (right side, starting with temperature at 700 hPa over the Sahara desert and integrating downward),
and the temperature profile below 500 hPa if following the moist adiabat (left side, starting with temperature at

500 hPa averaged over the tropical ocean and integrating downward).

6. Summary and outlook

Motivated to better understand the amplified warming over tropical land and its association with
dry conditions, we compare the two existing perspectives in the field that aim to explain the “drier—
warmer” phenomenon. One is based on the atmospheric dynamics of the tropical troposphere (the
atmospheric dynamics perspective), and the other focuses on land surface processes (the surface
flux perspective). The atmospheric dynamics perspective uses moist static energy as a constrained
quantity, and derives the amplified warming from lower (base-climate) specific humidity. The
surface flux perspective uses the net radiation at the surface as a constrained total, and centers its
argument on reduced water availability due to soil drying and/or plant-moderated reductions in
transpiration, which results in a change in the partitioning between the sensible and the latent heat
fluxes.

Based on climate model outputs, we first present a comparison of the full spatiotemporal distri-

bution of the relevant variables in the two perspectives in the AI/SM phase space (Fig. 2 and 3) and
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discuss the applicability of the equal MSE assumption in the QE-WTG framework in explaining the
spatiotemporal variability. By comparing the full spatiotemporal distribution, we address the first
question we raise in the beginning on how key variables in the two perspectives correspond to each
other. We also examine the connection of the moisture constraint in the atmospheric perspective
to surface conditions, where we show how the neglect of changes in local evapotranspiration in
the atmospheric perspective and the neglect of atmospheric processes in the surface perspective
may lead to deviations (Fig. 4). From here, we can better understand the second question we
raise, how the dryness measures between the two perspectives relate to each other. We then use a
diagnostic linearized perturbation framework to relate the temperature response to a base-climate
sensitivity, changes in the MSE or R,, and changes in the warming versus moistening partition
factor. We show that the base climate sensitivity largely explains the warming magnitude across
spatiotemporal conditions: drier base-climate conditions have a larger base-climate sensitivity and
experience a larger magnitude of warming. This relationship between the warming magnitude
and the base-climate sensitivity holds particularly well for the time mean, and the surface and the
atmospheric perspectives correspond well in terms of this role of the base-climate sensitivity. On
top of the quasi-linear relationship between the warming magnitude and the base-climate sensitiv-
ity, changes in the partition factor between warming and moistening for intermediate (between wet
and dry) conditions further enhance or dampen the warming magnitude (Fig. 5). This informs us
on the third question we raise, how climatological dryness versus changes in dryness contribute to
amplified warming in each perspective. Lastly, through linking the lower tropospheric lapse rate
with the surface fluxes (Fig. 6), we provide mechanistic insights on how the top-down atmospheric
perspective connects with the bottom-up surface perspective. The comparison of the two perspec-
tives in our study reveals how key arguments of the two perspectives hold across the spatiotemporal
conditions and advances our understanding of the drier-warmer relationship. Our analyses are
based on CMIP6 model output and are largely diagnostic; comparisons with observations and
further quantifying the contribution from specific land surface and atmospheric processes can be

informative.
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APPENDIX A

Spatiotemporal distribution of relevant variables in the base climate state
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APPENDIX B

Additional information for terms in the diagnostic perturbation equations
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724 APPENDIX C

»s  The relationship between perturbations in the surface sensible heat flux and perturbations

726 in temperature
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Fic. C1. The relationship between (a) the base-climate surface sensible heat flux (SH) and surface air
temperature (7); (b) the base-climate temporal anomalies in SH and 7, with the local temporal-mean value
removed, (c) the local temporal-mean SH and T'; (d) the climate changes in SH and T'; (e) the temporal anomalies
of changes in SH and T with the local temporal-mean change removed; (f) the local temporal-mean changes in
SH and 7. All scatters are color-coded by the percentile of the aridity index (Al). In panels a, b, d, and e, each
scatter represents one of the 50 x 50 spatio-temporal bins, and in panels ¢ and f, each scatter represents one of

the 50 spatial bin, with the temporal dimension averaged out.

In the perturbation relation we use for the surface energy balance (Eq. 5), we have linearized
the perturbation in the surface sensible heat flux (SH) as a coeflicient « times the temperature
perturbation. Fig. C1 examines to what extent this linearization is justifiable.

The first row shows the relationships between SH and 7 in the base climate. Panel b informs
us that temporal perturbations in SH and T relate to each other linearly by a similar coefficient
(approximately 15-20 W/m?/K) across locations, except in the very dry locations. Panel ¢ informs
us that spatial anomalies of the mean SH and T also relates to each other linearly except the very
moist and very dry locations.

The second row shows the relationships between changes in SH and 7 under climate change.
For our particular application of the linearized perturbation relation Eq. 5, panel (d) is the most

relevant. It shows us that for moist and semi-moist conditions, ASH and AT have relatively good
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linear relationship, while the relationship for dry regions is weaker. If we remove the mean at each
location and only focus on the temporal anomalies, then all locations show a linear relationship
(panel e), with the regression coefficient, i.e., «, being approximately 5 W/m?/K for dry locations
and 10 W/m?/K for moist locations. There is no linear relationship between the time-mean change
in SH and T across locations (panel f).

Since in our analysis, the data we use retains the temporal variability and we emphasize the
qualitative understanding, we accept simply linearizing ASH as kAT. With this linearization we
can derive Eq. 7, and we have the surface sensitivity as 1/(x¥). We assume « is the same constant
across spatiotemporal conditions and focus on the sensitivity factor 1/%¥. The non-uniformity of «
will make quantitative predictions of the warming magnitude more complicated; although here we

see that it may be approached by separating dry and moist conditions.
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