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10 ABSTRACT

11 Soil moisture anomalies can influence large-scale atmospheric circulation and thereby
12 affect remote regions. However, the seasonal and geographical dependence of these

13 circulation responses has been largely unexplored. Here, we conduct idealized experiments
14 with a Linear Baroclinic Model, imposing identical low-level diabatic heating anomalies
15  across global land to examine atmospheric circulation responses to persistent drought-like
16  heating. Responses are generally strongest in winter, weakest in summer and are

17  characterized by an upper-level anticyclonic anomaly displaced northeastward from the

18  heating source, with the largest displacement in spring.

19 Several hotspots emerge from our analysis: heating over the Great Plains, Tibetan

20  Plateau, southeastern South America, and Australia produces substantially stronger

21  circulation responses than heating elsewhere. These stronger responses are associated with
22 enhanced vertical motion, reflecting strong low-level.convergence and upper-level

23 divergence. The hotspot regions are characterized by lower climatological static stability and
24 enhanced warm advection. Warm advection is strongest when the imposed heating is located
25  near elevated terrain and the upper-level jet, where strong temperature and circulation

26  perturbations interact with intense upper-level westerlies. Perturbed temperature gradients
27  contribute to the northeastward displacement of the upper-level response through thermal

28  wind balance. Our results suggest that sustained heating in these hotspot regions can generate
29  strong atmospheric circulation anomalies, providing a dynamical pathway for drought

30  amplification and spatiotemporal propagation.
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1. Introduction

Soil moisture is a key variable in the climate system, providing a link between land
surface and atmosphere (Seneviratne et al., 2010). Studies on land-atmosphere interaction
have largely focused on the role of soil moisture in local atmospheric variables. Soil moisture
anomalies modulate evaporation and thereby affect the partitioning of net surface shortwave
radiation between latent and sensible heat fluxes (Betts et al., 1996; Santanello et al., 2018).
The resulting changes in surface heat and moisture exchange can modify local surface
temperature, boundary layer development, and precipitation (Koster et al., 2004; Cook et al.,
2006; Taylor et al., 2012; Miralles et al., 2012; Guillod et al., 2015). Through these
feedbacks, land-atmosphere coupling can contribute to the development or amplification of
extreme events such as droughts and heatwaves and sometimes contribute to adjacent

region’s extreme events (Fischer et al., 2007; Miralles et al., 2019; Schumacher et al., 2022).

Emerging studies have expanded this local perspective by showing that local soil
moisture anomalies can also induce large-scale atmospheric circulation responses extending
beyond the forcing region (Koster et al., 2014; Koster et al., 2016;'Wang et al., 2019; Teng et
al., 2019; Martius et al., 2021; Jiang et al., 2024; Sena and Williams, 2026). These studies
have used atmosphere and earth system models of varying complexity, using idealized
drought-like anomalies in the land surface or atmosphere to force models, and examined the
resulting large-scale atmospheric response, especially during summer. For example, Koster et
al. (2016) found that dry land surface anomalies and associated idealized diabatic heating
anomalies over North America produced similar upper-level wave patterns, including a
pronounced high anomaly over west-central North America. Wang et al. (2019), performed
experiments over North America and northern Middle East, and showed that the phase locked
spatial structure of the atmospheric response depends on regional orography, which modifies
surface pressure and the zonal temperature gradient. Using CESM and completely drying out
soil moisture over the Great Plains, Teng et al. (2019) found that synoptic eddies are an

important source of circumglobal wave responses during summer.

The identified atmospheric wave patterns induced by land atmosphere interaction in these
studies are particularly relevant because persistent amplified Rossby waves are frequently
associated with summertime extreme events across the Northern Hemisphere (Schubert et al.,
2011; Hoskins and Woollings, 2015). Branstator (2002) showed that the mid-latitude jet can

act as a waveguide, supporting circulation anomalies to be meridionally trapped and zonally
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elongated over large distances and thereby forming circumglobal wave responses. Persistent
quasi-stationary Rossby waves can in turn produce regional anomalies in temperature and
precipitation, which have been linked to several major extreme events in the Northern
Hemisphere. For example, Schubert et al. (2014) showed that stationary Rossby waves
played an important role in monthly Eurasian temperature and precipitation variability. Teng
et al. (2013) found that the probability of US heatwaves can be increased and preceded by
subseasonal planetary waves with a wavenumber of 5. Further, several studies demonstrated
that amplified quasi-stationary planetary waves, particularly with a wavenumber of 68, are
associated with simultaneous summer extreme events across separated regions of the
Northern Hemisphere (Petoukhov et al., 2013; Coumou et al., 2014; Kornhuber et al., 2017;
Teng and Branstator, 2019). For example, Kornhuber et al. (2020) showed that recurrent
summertime atmospheric circulation patterns that can induce simultaneous heat extremes
across central North America, Europe, and Asia, have wavenumbers 5 and 7. Given that
regional or concurrent extreme events are associated with these Rossby wave patterns, it is
important to understand how such large-scale wave responses can result from land surface

heating.

Although previous studies have shown that imposed drought-like land surface anomalies
can induce large-scale atmospheric responses, the conditions under which these responses
strongest, and the physical processes that control their strength, remain poorly understood.
Most previous work has focused only on boreal summer; when land-atmosphere coupling is
generally strong (Koster et al., 2004; Miralles et al., 2012). Whether similar organized
circulation responses can occur in other seasons have been less explored. Furthermore,
previous studies have examined a limited number of forcing regions, leaving the global

geographical dependence of wave responses unexplored.

In this paper, we investigate the geographical and seasonal dependence of the
atmospheric circulation responses to idealized low-level diabatic heating using the Linear
Baroclinic Model. We then examine the physical mechanisms that cause some regions to
produce stronger atmospheric responses to heating than others. Section 2 introduces the
experimental design and method of analysis. In section 3, we investigate the seasonal
circulation responses and identify hotspot regions where heating perturbations generate
particularly strong large-scale responses. Then, the strength of circulation responses is

approximated using linearized equations in section 4. The approximations are then used in
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section 5 to investigate the processes responsible for the enhanced responses in the identified

hotspot regions. Section 6 discusses the broader implications and limitations of the results.

2. Experiment and Analysis Method

Our objective is to explore the response of the atmosphere to persistent drought and
identify regions that exhibit higher sensitivity than others. To this end, we impose identical
drought-like conditions at locations across the globe and examine how the atmospheric
response varies depending on the forcing locations. This section describes how we designed
these experiments using the Linear Baroclinic Model and how we condensed the results for

analysis.

a. Linear Baroclinic Model (LBM)

The Linear Baroclinic Model (LBM) is a simple numerical model designed to investigate
linear responses of the atmosphere to prescribed forcing (Watanabe and Kimoto 2000;
Watanabe and Jin 2004). Suppose that we have a vector X of prognostic variables in the
primitive equations. The LBM solves the primitive equations linearized about a basic state X
with nonlinear terms neglected. For a steady forced problem, the linearized primitive

equations can be written as
LX' =F'

where L'= L(X) is the linear part of the dynamical operator, which is a function of the basic
state. Then, the steady-state response of the atmosphere (X') to imposed forcing (F') can be

obtained as,

X' =L1F',
The LBM has a coarse resolution compared with the current general circulation models. In
this study, we use the dry version of the model at a horizontal resolution of T21 (~5.6°) and
20 vertical levels in sigma coordinates. Owing to its coarse resolution and simplified
equations in linearized forms, the LBM has a low computational cost. This makes it well

suited for systematically examining the response of the atmosphere to various forcings and

isolating physical mechanisms (Lu and Lin, 2009; Jenney et al., 2021; Jiang et al., 2024).
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The forcing (F') we used to perturb the model is a low-level diabatic heating anomaly (Q)
that mimics drought conditions. Increased sensible heat flux over persistently dry land
surfaces can produce low-level heating anomalies. Similar approaches have been used in
previous studies (Koster et al., 2016; Wang et al., 2019). The magnitude of the imposed
heating is 5 K /day at the surface (0.9950) and decreases rapidly with height in sigma
coordinates, i.e. Q(0) = 5 exp[—20(c — 0.995)?] (Fig. 1a). The forcing has an elliptical
shape in horizontal directions, with its magnitude decreasing linearly outward from the

center. In this way, the imposed heating is confined to the grid cell of interest.

For the basic state (X), which determines the linear dynamics (L), we use the climatology
from ERA40 which is provided as a package with LBM codes. Note that LBM was originally
released in the early 2000s. Four seasonal-mean basic states are used for December to
February (DJF), March to May (MAM), June to August (JJA), and September to November
(SON). The experiments using basic state from NCEP-NCAR reanalysis is also conducted
and they agree very well with those using ERA40 (not shown).

To obtain the steady-state solution of the linear dynamic systems, L™1F’, we chose time
integration method over matrix inversion because time integration is computationally less
expensive. Each experiment is integrated for 70 days from initialization, and the mean over
the final 5 days is taken to represent the steady-state response. The low-level heating
experiment is repeated at every grid cell within 55°S and 85°N for each of the four seasons.
This domain has 64 longitude grid cells and 25 latitude grid cells, resulting in 1600
experiments per each season (Fig. 1c), and 6400 experiments in total for the four seasons. As
we are only interested in land regions, we are left with 495 experiments per season, 1980
experiments for the four seasons. Because the LBM solves the linearized atmospheric
response to a localized prescribed forcing, this series of experiments can be viewed as

analogous to a Green’s function approach.

An example response to a prescribed diabatic heating anomaly over the Great Plains
shows the atmospheric wave response (Fig. 1b). At upper levels (200hPa), the spatial patterns
of height and zonal wind responses exhibit a wave-train-like pattern extending northeastward
from the forcing location. The maximum increased height is observed near central North
America, slightly displaced northeast from the center of the imposed forcing. At lower levels
(850hPa), by contrast, decreased height is observed more directly over the forcing location.

This circulation response can promote enhanced ascent near the forcing location and
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descending motion farther to the northeast, potentially creating atmospheric conditions
favorable for drought in adjacent areas. The detailed mechanisms underlying this possible
drought propagation pathway are beyond the scope of this study, but we will briefly return to

this in the discussion section.
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Fig. 1l Experiment design. (a) Heating anomaly used to force LBM and representation of
grid cells. (b) Steady-state height response to the forcing applied over the Great Plains at 250,
5005 and 850 hPa in MAM season. (c) Demonstration of Response Strength calculation with
pressure-weighted mean calculation (top) and the calculated mean drawn on a single level
(contour) with applied domain and weight (shading).

b. Response Strength and Topography-aware Regional Mean

The LBM output contains 8 variables at 20 pressure levels, making direct interpretation
and comparison across thousands of experiments challenging. To condense and summarize
large volume of model output, we introduce a new “Response Strength” (R) metric which
represents the overall magnitude of the atmospheric response for each experiment. It is
calculated as the area-weighted total geopotential height change (|z’|) within a selected

domain (£2), and it is the pressure-weighted averaged across all pressure levels.
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R = Z(¢'A)€Qcos¢) (Iz'(¢, D) (D)

where (A) = Y, AAp / Y. Ap, ¢ is latitude, and A is longitude. In this study, the selected
domain (£2) extends 5000km west, 10000km east, 3750km north, and 3750km south of the
forcing location, and all grid cells within this domain are included in the calculation (Fig. 1d;
shading). This domain roughly captures the extent of significant upper-level wave responses.
The asymmetric east-west extent is intended to capture the downstream atmospheric response

to the imposed heating.

This metric reduces the 3D results from each LBM experiment to a single value, allowing
the overall magnitude of the atmospheric disturbance to be compared across forcing
locations. For example, with the same basic state of MAM season, heating imposed over the
Great Plains produces a Response Strength of 349m, whereas the same heating imposed over
Australia produces 187m. Thus, heating over the Great Plains generates a substantially

stronger large-scale atmospheric disturbances than identical heating imposed over Australia.

In order to present 3D responses on 2D.maps; we additionally calculate a topography-

aware local mean (4;,c41)-

2 Alp,
Alocal = ZAP
* J3x3

where {A};43 represents the area-weighted' mean over the surrounding 3 by 3 grid cells, and
Ap, is the layer thickness used in the vertical averaging. The averaging is done only for mid-
troposphere below 300hPa and above 850hPa or 50 hPa above surface. This local averaging
is intended to capture the atmospheric response in the regions nearby rather than only at the
forcing location itself. Although spatial averaging can reduce the magnitude of a strong
response of a single grid cell, it provides a more robust representation of the regional signal
and aids qualitativeinterpretation of local variables such as vertical velocity and temperature

advection.

¢. Multivariate EOF Analysis

To identify the general patterns of the atmospheric response to the diabatic heating
anomaly over land, we used empirical orthogonal function (EOF) analysis. Before
performing the EOF analysis, we introduce a preprocessing step to better account for

differences in the background circulation among forcing locations.
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For each forcing location over land grid cells, we construct a domain extending 15000km
in the along longitudinal direction and 7500km in the along latitudinal direction, centered on
the forcing location, with a grid spacing of 250km. The model outputs of streamfunction (),
height (z), zonal (u) and meridional (v) wind are interpolated onto this grid. Grid cells close
to the equator located within 5°S and 5°N, whose responses have chances to cross equator are

excluded in this analysis.

For each season, the interpolated fields of the four variables are reshaped into a single
vector for each experiment. The resulting vectors are then stacked and used in a multivariate
EOF analysis. The analysis is performed at each hemisphere, using only the 250hPa
responses, where the large-scale wave response is most clearly expressed. This allows'us,
first, to characterize the mean response across all forcing locations within a season, and then,

to identify the dominant modes of variability for each season.

3. Large-scale Circulation Response to Diabatic Heating

a. Response Strength Hotspots

Our analysis reveals several hotspot regions where the same diabatic heating anomaly
consistently produces stronger circulation responses than elsewhere (Fig. 2 for the Northern
Hemisphere; Fig. S1 for the Southern Hemisphere). These results are based on 495 heating

experiments repeated under four seasonal basic states, for a total of 1,980 experiments.

These regions are mostly located along the mid-latitudes, including east of the Rocky
Mountains over the US Great Plains, Sahara Desert, and Tibetan Plateau in the Northern
Hemisphere (Fig. 2), Southeastern South America, Southern Africa, and Australia in the
Southern Hemisphere (Fig. S1). It has been reported in recent studies that imposed heating
over the Great Plains (Koster et al., 2016; Wang et al., 2019), Tibetan Plateau (Jiang et al.,
2024), and Australia (Martius et al., 2021) can produce circumglobal wave responses through
imposed dry surface conditions. We also tested different box sizes and different position of
forcing location within the box and found consistent spatial pattern of the response strength

map (Fig. S2).

Except for the Sahara region, other regions are mostly located near complex topography.

Our results suggest that if there is a persistent heating anomaly over these ‘hotspots’, for

File generated with AMS Word template 2.0



237
238
239

240
241
242
243
244
245
246
247
248
249
250
251
252

253
254
255
256
257

This is a non-peer-reviewed preprint submitted to EarthArXiv

example due to persisting dry land surfaces, there is a higher chance for the atmosphere to be
perturbed and generate large-scale circulation anomalies that might affect synoptic weather

systems in adjacent regions.

The magnitude of R varies by season with the strongest signals during winter (DJF) and
the weakest during summer (JJA). Land grid averaged response strengths were 273.2 m for
winter and 164.8 m for summer. The seasonal magnitude fluctuation is well pronounced over
hotspot regions where cold season signals can be relatively small compared to warm seasons.
A potential cause of seasonally varying magnitude can be related to the basic state of each
season (Fig. S3), especially the meridional temperature gradient. Given the year-round warm
equatorial temperature, colder land surfaces in the Northern Hemisphere during winter cause
stronger meridional temperature gradients and stronger zonal wind in the upper atmosphere.
Latitudinal shifts in the location of these hotspots reflect the location of upper-level jet. Note
that our experiment uses exactly the same heating, which does not reflect the seasonally
varying atmospheric responses to drying. In the real world, different climatological soil
moisture and planetary boundary layer profiles would generate different heating responses in

the atmosphere to the same soil moisture anomalies in different seasons.

While different basic states can affect the magnitude of the patterns, hotspot regions
exhibit stronger R relative to adjacent regions regardless of the basic state. This suggests that
such strong responses are not only dependent on the atmospheric state but also on the
specific geographical characteristics, such as terrain. The factors affecting the strength of the

response will be quantitatively analyzed in detail in the section 4.

10
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Response strength [m]
(a) DJF (Northern Hemisphere)
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land avg = 237.2
(b) MAM
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- 100

Fig. 2. Seasonal response strength in Northern Hemisphere. Spatial patterns of response
strength are shown for @ach season, with shadings displayed on a log-scale colormap. Land
grid cell averages are also shown bottom left of each panel.

b. Induced Large-scale Circulation Changes

Diabatic heating anomalies imposed over land triggers large-scale circulation responses
characterized by upper-level wave trains. The mean response and multivariate EOF analysis
using the responses at 250hPa interpolated onto 15000km by 7500km domain centered on
each forcing location, show characteristic responses of the atmosphere to imposed diabatic
heating (Fig. 3). In general, the mean response and EOF1 respectively feature the patterns of
the ridge where atmospheric wave starts (Fig. 3 left), the first downstream trough of the wave
response (Fig. 3 middle). The mean responses exhibit strong positive streamfunction
anomalies (white crosses) near the forcing location, followed by weaker negative anomalies
downstream at 250hPa (Fig. 3 left). Except in summer, the first mode features pronounced

11
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negative streamfunction anomalies downstream (red crosses), completing a wave-like
patterns (Fig. 3 middle). The geographic distribution of strong principal components well
captures the location of hotspot regions (Fig. 3 right), indicating that these EOF patterns can
be interpreted as representative circulation responses to low-level diabatic heating imposed
over hotspots. Thus, responses in these hotspot regions produce fully developed wave

patterns with more well-defined downstream responses.

Although the average R is the greatest in winter (DJF; Fig. 2), the magnitude of the mean
response is smaller than that of other seasons. In addition, EOF1 explain only 28.0% of the
total variance, substantially less than in the other seasons, indicating greater spatial variability
among winter responses. However, winter responses exhibit stronger wave-like signals, with
strong downstream propagation captured by EOF1. These patterns are associated with larger
absolute values of changed geopotential height (|z'|). The center of the positive
streamfunction anomaly is displaced east (mean) relative to the forcing location, suggesting
that the upper-level wave train starts to form northeast of the imposed heating rather than
directly above. Stronger upper-level winds during winter, and associated stronger anomalous

vorticity advection, may contribute to these stronger downstream wave responses.

The spring (MAM) response broadly resembles the winter response, but it exhibits
weaker downstream signals in the first two dominant modes of EOF. However, the centers of
the strongest positive streamfunction anomalies (white crosses) show particularly large
northeastward displacements from the forcing location in EOF1. These suggest that imposed
heating in spring could substantially change large-scale circulation in the adjacent
downstream regions, potentially affecting the region’s synoptic weather if the heating is

strong enough.

In constrast, the summer (JJA) response exhibits the weakest wave-like structure and the
smallest average response strength, potentially reflecting the weaker summertime jet.
Although the mean response has strong positive streamfunction anomalies, these anomalies
remain concentrated near the forcing location. All downstream negative streamfunction
anomalies in mean, EOF1 are weaker than in the other seasons. These features suggest that
imposed diabatic heating during summer has a more limited ability to generate strong remote
responses related to linear dynamics, while it could be efficient in perturbing the circulation
locally. However, because soil moisture anomalies during the warm season, when soil is

typically drier, can generally induce stronger sensible heat flux responses, summer soil

12
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moisture anomalies may have a higher chance to generate stronger low-level heating
anomalies compared to other seasons, which in turn would generate stronger non-linear

circumglobal atmospheric responses as described in Teng et al. (2019).

Similar to the spring season in both its wave structure and magnitude of average R, the
fall (SON) response exhibits wave-like patterns in the mean and EOF1. But the direction of
wave propagation differs between the two seasons. Whereas the spring response exhibits a
more equatorward propagation, the fall response shows a more poleward propagation signal.
EOFT1 is particularly dominant in fall, explaining 47.2% of the total variance, indicating a

comparatively coherent leading pattern of circulation response during this season.

250hPa Streamfunction & winds
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Fig. 3. Induced changes in streamfunction and winds at 250hPa in Northern Hemisphere
forcing locations over land as mean, first mode and its principal component of EOF analysis.
Left two columns are shown on a 15000km by 7500km grid. The white (red) cross indicates
local maximum (minimum). Contour levels are scaled. Explained variances values are shown
at the top left corner of each panel. Principal component at each grid cell is depicted on a
map.

Example responses at 250, 500, and 850 hPa from four LBM experiments are shown in
Fig. 4. It shows different spatial patterns between spring and summer seasons at the Middle
East (a region with weak response) and Great Plains (a region of strong response) both

located along the same latitude. The spring experiments exhibit clear atmospheric wave
13
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responses, particularly when heating is imposed over the Great Plains, which is one of the
hotspot regions (Fig. 2). At both forcing locations, the spring responses at 250hPa and
500hPa strong positive streamfunction anomalies are observed, corresponding to upper-level
high pressure system, displaced east or northeast. At 250hPa, these anomalies are followed by
alternating downstream anomalies extending southeastward, consistent with the general wave

response patterns identified in Fig. 3.

These wave-like features are less pronounced in the summer season responses. Although
relatively weak, the summer response in the Great Plains experiment still exhibits signals of
propagating waves in the upper level with the strongest perturbation to the north of the
forcing center. The structure of observed upper level atmospheric waves in the Great Plains
have similar features found in the previous studies with anticyclenic circulation near central
North America and northeastward propagation (Koster et al., 2016; Teng et al., 2019).
However, the upper-level response in the Middle East experiment shows only faint

downstream signals.

At lower levels, the circulation responses have simpler structure and are considerably
more localized. Unlike the upper-level response, the location of the strongest negative
anomalies shows little displacement from the forcing location regardless of the season. At
850hPa, negative streamfunction anomalies, corresponding to cyclonic circulation, develop

around the forcing center and remain collocated with the imposed low-level diabatic heating.

Thus, drought-like heating anomalies induce cyclonic circulation in the lower atmosphere
near the imposed heating source, whereas anticyclonic circulation is induced in the upper
atmosphere and is displaced to the northeast of the forcing location. The upper-level anomaly
can further develop into a downstream wave train, with different strength and spatial extent
depending on the season and the location of imposed heating. In particular, the identified
‘hotspots’ are more efficient at generating such large-scale circulation anomalies in response

to the same imposed heating.

14
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Middle East Great Plains
18

12

-18

60°E  90°E 120°E 30°E 60°E 90°E

Fig. 4. Sample perturbed streamfunction and wind vector in the Middle East and Great
Plains in MAM and JJA at selected levels. Shadings indicate streamfunction. Arrows indicate
wind vectors. Reference wind vector is on the bottom right corner. Yellow circle is the
location of imposed forcing in each simulation.

4. Rossby Wave Source

The existence of ‘hotspots’ raises a further question: why are these regions more efficient
at triggering large-scale atmospheric responses to the same imposed heating? To identify the
mechanisms responsible for these stronger responses, we derive an approximated expression
for the magnitude of the geopotential height response and perform scale analysis of its
individual terms. This framework allows us to assess the relative importance of the physical

processes that contribute to stronger wave responses.

We focus on the spring season, when the upper-level positive streamfunction anomalies
exhibit the largest northeast displacement from the forcing location, indicating a strong
potential to affect circulation over adjacent regions. Also, springtime drought has critical
impact on agriculture, as spring is the beginning of the growing season , so that persistent
drought-like anomalies are particularly relevant. We therefore use the spring response to
illustrate the underlying mechanisms in detail. The main conclusions are broadly consistent

across other seasons.

a. LBM height response approximation using RWS
From the vorticity equation, we decompose the wind vector into rotational and divergent

wind to derive Rossby Wave Source (Sardeshmukh and Hoskins, 1988).
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(%+a.v)¢a=—cav-ﬁ @

where {, is absolute vorticity, which is the sum of planetary vorticity (f) and relative
vorticity ({), and ¥ is wind vector. The wind vector can be decomposed into rotational and

divergent wind defined as

v =vy v, v¢EEXV¢, v, = Vy.

Plugging this into Eq. 2 and rearranging terms gives

0
(§+V—¢)'V>{a=—@’~v%—{av~v_}£=—V'((a@)) ®),

Where the right-hand side is defined as Rossby Wave Source (hereafter RWS; S)

§=-V- ().

The RWS quantifies how divergent circulation generates or redistributes vorticity
(rotational circulation) through vortex stretching (=¢,V - v)) and transport across background
vorticity gradients (—F); - V{,). As our goalis to-obtain the approximated form of
geopotential height changes (|z'|) of steady-state response from LBM, we linearize and

assume steady-state in Eq. 3 which gives
Ty Vi + vy V(T f) =S". (4)

We omitted vector notation for simplicity. /Assuming the streamfunction to have wave form,

and writing relative vorticity with streamfunction, we can write above equation as
Sl
!
~— (5
Y~ (5)

where D is a function of wavelength and basic state rotational winds, which is treated as a
constant in this study. For more details about derivation and assumptions, see Appendix. This
suggests that streamfunction response (') can be approximated with anomalous RWS (S').
Thus, mechanisms that make anomalous RWS large can result in stronger perturbations of
streamfunction. Given that streamfunction can be approximated as i = ®/f in the mid-
latitude, where @ is geopotential, and thus gz =~ fi), we can approximate the magnitude of

perturbed heights (|z’]) as

If11S°]
7'l = —— (6).
21~ ©
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Given that hotspots are mostly located near mid-latitude regions, we approximate
anomalous RWS with assumptions that are suitable for mid-latitude conditions. In the mid-
latitudes, planetary vorticity (f ~10~*s™1) typically is about an order of magnitude larger
than climatological relative vorticity ({~107>s™1) and perturbed relative vorticity (|f| >
|C] > 1{']). Thus, absolute vorticity ({,), that is the sum of planetary vorticity (f) and relative
vorticity ({ = { + {"), can be approximated as planetary vorticity alone ({;~f) in the mid-
latitudes.

Since anomalous RWS quantifies anomalous convergence of absolute vorticity flux that
generates rotational circulation (Eq. 3), the above scale analysis reduces anomalous RWS to
the contribution from planetary vorticity flux (Fig. 5a) and allow us to neglect the role of
climatological (Fig. 5b) and perturbed (Fig. 5¢) relative vorticity fluxes. Decomposing the
contribution from planetary vorticity flux gives the advection (Fig. 5d) and stretching (Fig.
5e) terms, where the stretching term turns out to be the. dominant term to explain total RWS

(Fig. 5f). Therefore,
S' ~ —fVv' . ()

In other words, anomalous divergent circulation that interacts with background planetary
vorticity serves as the dominant source of rotational circulation in the mid-latitude when low-
level diabatic heating anomaly is imposed. While this approximation does not hold in tropical
regions, where advection of vorticity plays an important role (Sardeshmukh and Hoskins,
1988), the regions highlighted in our analysis are located in the midlatitudes, where this
approximation is more appropriate. A similar approximation is valid for other seasons (Fig.
S4-6). This gives the first-order approximation of the anomalous RWS and the magnitude of
perturbed geopotential height as

fv-v7y|

—X (8)

0 If
|z'| ~ —
g
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426 Fig. 5. Scale analysis of the strength of each term of Rossby wave source terms during the
427  March—May season. Absolute values of each term at all available pressure levels are used for
428  strength calculation, using the 3 x 3 grid cells surrounding the forcing location instead of a
429  15000km x 7500km box. The maximum value of each term is shown in the bottom left

430  corner of each panel. The equations related to displayed terms are shown between panels.

431

432 b. Reconstructed Response Strength

433 The seasonal response strength (Eq. 1) is reconstructed using the approximation for the
434  absolute values of changed geopotential height derived in Eq. 8 (Fig. 6). Interestingly, this

435  approximation qualitatively reproduces the spatial patterns of the original response strength
436  shown in Fig. 2. In particular, the patterns in the midlatitudes, including the locations of the

437  hotspots, are well.reproduced.

438 However, minor differences are observed outside the midlatitudes. The magnitude of the
439  reconstructed response strength is relatively weak at low latitudes, indicated by dark blue
440  shading, and relatively large values in high latitude regions, where the reconstruction shows
441  magnitudes like those found in low latitude regions in Fig. 2. These differences arise

442  primarily from the assumption that approximated geopotential with streamfunction (gz =
443  fi), which is most valid along the midlatitudes. Because the approximation between

444  geopotential and streamfunction depends on the Coriolis parameter (f'), the estimated

445  magnitude of geopotential becomes very small near the equator and relatively large near the
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poles. These biases in magnitude, however, do not substantially affect identification of the

hotspots.

The seasonal fluctuation of magnitude at each location is also not reflected in the
reconstructed R. While the magnitude of R is generally strongest in winter and weakest in
summer in the original response strength, such seasonal fluctuation is not observed in the
reconstructed R. This discrepancy is primarily associated with the assumption of a fixed
wavelength (see Appendix for details), which is not valid across different seasons and
locations. Allowing wavelength to vary spatially and seasonally could improve the

representation of the seasonal amplitude. Nevertheless, applying variable wavelengths

produce only minor changes in the overall spatial patterns of the reconstructed R (not shown).

Overall, Fig. 6 confirms that the reconstructed response strength successfully captures the

major spatial features of the original response, particularly the locations of the hotspot
regions identified in Fig. 2. Therefore, the approximation (Eq. 8) provides a useful
framework for qualitatively investigating the physical processes that contribute to stronger

atmospheric wave responses in the midlatitudes.
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Reconstructed response strength [m]

(a) DJF (Northern Hemisphere)
R = = =
R - :
400
- 200
- 100
50

Fig. 6. Reconstructed Response Strength. Spatial patterns of reconstructed response
strength are shown for each season, with shadings displayed on a log-scale colormap.

5. Conditions for Stronger Responses

Regarding that V - _UT); is the only term in Eq. 8 that depends directly on the response of

each experiment, whereas the remaining terms vary primarily with latitude, we further

—_—

investigate the conditions that favor stronger V - v', responses. In this section, we use the
continuity and thermodynamic equations to identify the physical processes associated with

—_
enhanced V - v/ X

_—
v,

a. Estimating V - v',,

From the continuity equation in pressure coordinates, the horizontal divergence at a given

pressure level can be related to vertical velocity (w), as
20
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474 V_,,+aw'_0
VX ap— .

475  Rearranging and vertically integrating the equation gives
p —_—

476 w'(p) = —j v-v',dp. (9)
0

477  Eq. 9 provides a link between the strength of vertical motion and the vertically integrated
478  horizontal divergence. The equation shows that strong upward motion (w’ < 0) implies
479  substantial net divergence in the atmospheric column above (V- v, > 0). As w is directly
480  available as an output of the LBM in pressure coordinates, we use the magnitude of w’ as a

481  proxy for the strength of the induced divergent circulation.

482 The thermodynamic equation provides a framework for identifying the processes that

483  contribute to stronger vertical motion with a prescribed diabatic heating anomaly:

oT 0
484 — 4V VT +/0Sy = —
dat Cp
485  where T is temperature, V = (u, v) is wind vector, S, = g—; — Cig is the dry static stability, R
14

486  here is the gas constant for dry air; ¢;.is the specific heat at constant pressure, and Q is the
487  diabatic heating. Under the steady-state assumption, the linearized thermodynamic equation,

488  after neglecting smaller terms, can be written as
489 V' -VT+V-VT'+ 'S, = Q'/c,.
490  Rearranging the equation gives

7 1 Q’ ’ T Y7 !
491 w=——=-V"-VT -V -VT"). (10)

Sp \Cp

492  For simplicity, the overbar on g is omitted hereafter, and S, denotes the climatological dry
493  static stability. Eq. 10 indicates that the induced vertical velocity is controlled by static
494  stability, imposed diabatic heating, and horizontal temperature advection terms. Therefore, if
495  we impose the same adiabatic heating everywhere, stronger vertical motion, and

496  consequently stronger divergent circulation, is expected in regions with lower climatological

497  stability or with enhanced temperature advection.

498  b. Conditions for Strong Vertical Motion w'
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499 1) STATIC STABILITY

500 The spatial pattern of seasonally strong perturbed vertical velocity from LBM results
501  broadly captures the location of the identified response strength hotspots (Figs. 7, S8—10).
502  Dry static stability is calculated from the seasonal climatological temperature, because the
503  dry version of LBM is used. To represent the vertical motion associated with the local

504  responses around each forcing location, w' is averaged over the 3 X 3 grid cells surrounding

505  the forcing location (Fig. 7a).

506 Strong vertical motions are induced across several midlatitude regions, including the

507  Great Plains, Sahara region, and areas surrounding the Tibetan Plateau, as indicated by darker
508 shading in Fig. 7. These regions correspond to the hotspots identified in Fig. 2. In addition,
509  Fig. 7 shows that regions of strong vertical velocity are collocated with regions of relatively

510 low dry static stability. Lower values of S,, indicated by darker shadings, are often found

511  near the regions where large w' responses are observed, which is consistent with Eq. 10.

512 Some discrepancies exist near the Tibetan Plateau, where strong vertical motion is

513  induced despite relatively high static stability. This indicates that static stability alone cannot
514  explain the vertical velocity response and suggests that strong warm advection should be
515  properly accounted for, this is examined in the following section. Together, Fig. 7 confirms
516  that the regions with lower climatological dry staticstability respond more strongly to an
517  imposed heating anomaly; producing stronger vertical velocity and, in turn, stronger

518  divergent circulation.

|a) MAM LBM -w

\@i %EEMB

(b) Estimated —w’

g,‘;s. > ‘»!:0_,’5" == 1 s
2
-0
w'=——(Q _V'.VT —V.VT)
S, "~ &
(c) Dry static stability S, [10~* K Pa™"] (d) Estimated Q'/c, [K day™'] (e) Total temperature advection — V'- VT — V- VT’ K day~']
> P — S A -
g 3 TR A v
= . \ el )
Y TP A S TR 4\,.1 CTTA
519 40 45 50 55 6.0 65 70 75 8.0 -03 -0.2 -0.1 0.0 0.1 02 03 -03 -02 0.1 00 0.1 02 03
520 Fig. 7. Terms in the thermodynamic equation for the MAM season, averaged over 850-

521  300hPa. (a) The LBM mean and (b) estimated vertical velocity, (c) dry static stability, (d)
522  estimated diabatic heating, and (e) estimated total temperature advection averaged over 850-
523 300 hPa. Levels closest to the surface are excluded from the calculation. The estimated
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vertical velocity is calculated as the sum of diabatic heating and temperature advection
divided by static stability.

2) TEMPERATURE ADVECTION

Further analysis reveals that the anomalous temperature advection terms account for
much of the spatial structure of the induced vertical velocity response. The terms on the right-
hand side of Eq. 10 are calculated for spring, including the estimated vertical velocity
calculated using Eq. 10 (Fig. 7b), diabatic heating (Fig. 7d), and total horizontal temperature
advection (Fig. 7¢). The spatial pattern of w’ diagnosed from Eq. 10 (Fig. 7b) closely
resembles the vertical velocity directly from the LBM in Fig. 7a. Again, the regions of strong
vertical velocities are found near the response strength hotspots. This agreement allows the
individual terms in Eq. 10 to be examined to determine which processes contribute to the

spatial variations in vertical velocity responses.

By design, all experiments are forced with the same low-level diabatic heating anomaly in
sigma coordinates (Fig. 1a), the native vertical coordinate of the LBM. While the imposed
heating has the same vertical structure at a given sigma level across experiments, Fig. 7d
shows heterogeneous spatial pattern of the heating averaged over 850-300 hPa. Elevated
regions with lower basic state surface pressure are emphasized because the selected pressure
level is closer to the prescribed low-level heating there. Overall, the imposed diabatic heating

primarily sets the magnitude of the vertical-motion response rather than its spatial structure.

In contrast, the spatial patterns of the total temperature advection resemble the pattern of
the diagnosed vertical velocity (Fig. 7e). Strong warm advection contributions are
concentrated close to the regions of strong vertical velocity which also correspond to the
identified hotspot regions. Outside these regions, the local temperature advection contribution
is generally weaker and even shows cold advection with darker yellow shadings, which
cannot explain induced vertical motions. Still, the magnitude of diabatic heating terms is
typically larger than these weak cold temperature advection contributions, so that upward
motion remains the dominant response to the imposed low-level heating. The same
qualitative relationship between temperature advection and the spatial structure of the vertical

motion response is found in the other seasons (Figs. S7-9).

The anomalous total temperature advection can be decomposed into two linear terms.

One is the advection of the climatological temperature by the perturbed wind (=V' - V'T), and
23
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556  the other is the advection of the perturbed temperature by the climatological wind (—V - VT").
557  We first consider the structure of the climatological fields to simplify these terms. As the

558  climatological temperature field mostly varies in the meridional direction, the climatological
559  zonal temperature gradient (9T /dx) is generally smaller than the meridional temperature

560  gradient (0T /dy). Thus, the first term can be approximated as

_ oT
561 V' VT ~ —v' —. (11)
dy

562  The climatological meridional temperature gradient is generally stronger in winter and

563  weaker in summer, reflecting the seasonal variability of large-scale horizontal temperature
564  contrasts. Through thermal wind balance, stronger meridional temperature gradients are
565  associated with stronger vertical shear of the zonal geostrophic/'wind and, in turn, stronger
566  upper-level westerlies and climatological jet. Because the elimatological zonal wind is

567  typically much stronger than the meridional wind in the midlatitudes, the second anomalous

568  advection term can similarly be approximated as

569 V-VT' 72T (12)
=
570 Fig. 8 shows that advection of the climatological temperature by perturbed wind (—=V' -

571 VT, Fig. 8a) accounts for most of the strong warm advection signal found in Fig. 7e. On the
572  other hand, advection of perturbed temperature by climatological wind (—V - VT’; Fig. 8b)
573  opposes this response in several regions through cold advection. Eq. 11 suggests that strong
574  warm advection is favored where strong perturbed meridional wind (v") coincides with strong
575  climatological meridional temperature gradient (3T /0y). The latter is dynamically related to
576  the climatological jet through thermal wind balance, enhanced warm advection is expected
577  within or near regions of strong background westerlies (). Consistent with this, Fig. S3b

578  shows that regions of strong warm advection tend to overlap with regions of strong

579  climatological zonal wind.

580 Stronger perturbed meridional winds (v'; Fig. S11 right) are found near the regions of
581  elevated terrain (Fig. 8c; Fig. S11). When the low-level heating is imposed over elevated
582  terrain, the heating is located closer to a given pressure level than experiments over lower-
583  elevated regions. As a result, stronger temperature perturbation can develop near elevated
584  terrain at that pressure level (Fig. S11 left). The circulation associated with the induced

585  thermal low (Fig. S10a) produces warm advection on the eastern side of the forcing and cold
24
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advection on the western side at lower-level (Fig. S10b, c¢), increasing the zonal temperature
gradient near the heating region (Fig. S10a). Thus, the steady state temperature response
exhibits strong zonal temperature gradients at lower levels close to the imposed heating
(0T'/0x; Fig. S11 middle). In turn, through thermal wind balance, these enhanced zonal
temperature gradients are associated with stronger vertical wind shear of the perturbed
meridional geostrophic wind. Consistent with this, enhanced perturbed upper-level

meridional winds are found near the elevated forcing locations (v'; Fig. S11 right).

These results suggest that topography can amplify the local temperature and circulation
perturbations induced by prescribed low-level heating anomaly. Together, the background
meridional temperature gradient associated with the climatological jets.and the enhanced
perturbation response near elevated terrain favor stronger anomalous warm advection and

stronger vertical motion.

Similar factors also influence the second temperatiire advection term (=V - VT'; Fig. 8b),
but this term produces cold advection over much of the midlatitude lower troposphere (Fig.
S12). From Eq. 12, its magnitude can be enhanced where strong climatological zonal winds
(1) coincide with strong perturbed zonal temperature gradient (0T’ /dx). As discussed above,
forcings imposed over elevated regions tend to produce stronger perturbed temperature
gradients at a given pressure leyel. When combined with climatologically strong westerly
winds, this typically yields anomalous cold advection in the lower troposphere in
midlatitudes, consistent with the classical linear response to localized thermal forcing
(Hoskins & Karoly, 1981). In the meantime, Fig. S12 shows that the regions of strong warm
advection found in the Fig. 8b, such-as in eastern Asia, arise primarily from the upper-level

response, where the sign of the perturbed temperature gradient is reversed (Fig. S11).

To summarize, regions near the climatological jet and elevated terrain favor large
magnitudes of both anomalous warm and cold temperature advection. However, within the
response strength hotspots, warm advection associated with the perturbed wind acting on the
climatological temperature (—V' - VT) is dominant, resulting in stronger vertical velocity
responses. The presence of topography serves as a springboard, strengthening the local
temperature and upper-level meridional wind perturbation, whereas proximity to the
climatological jet provides strong background meridional temperature gradient. The synergy
between these two processes favors enhanced anomalous warm advection and stronger

vertical motion through the thermodynamic balance.
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Fig. 8. Estimated temperature advection terms and associated winds, temperature
gradient, and topography for the MAM season. Shown are (a) temperature advection of the
climatological temperature by the perturbed wind, (b) temperature advection of the perturbed
temperature by the climatological wind, and (c) topography from ERAS. Panels (a) and (b)
show values averaged over 850-300hPa. Eqgs. 11 and 12 are embedded to describe
connections between shown terms.

6. Summary of Conditions Leading to Stronger Responses

Fig. 9 summarizes the processes that favor stronger atmospheric responses to imposed
diabatic heating in the hotspot regions, highlighting contributions from both the mean
background state (solid boxes) and induced perturbed state (dashed boxes). A stronger
response strength reflects'the magnitude of height changes in the atmosphere, which is linked
to the strength of convergent/divergent motions throughout the atmospheric column. The
induced vertical motion provides a useful measure of this column-integrated convergence and

divergence.

Strong vertical motion responses are favored when the heating is imposed over the
regions of relatively low climatological static stability (Box 1) and where anomalous warm
advection is enhanced (Box 4). Strong warm advection is associated with two mean state
characteristics: proximity to elevate terrain (Box 2) and climatological upper-level jet (Box
3). Forcings located over elevated terrain induces stronger local temperature and circulation
perturbations, and regions near upper-level jet are characterized by strong climatological
meridional temperature gradients. Together, these conditions favor stronger anomalous warm

advection.
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When low-level heating is imposed within these favorable environments, stronger low-
level convergence develops near the forcing center (Box 5), accompanied by stronger vertical
motion (Box 6). In turn, mass continuity requires a correspondingly stronger divergent
response aloft. The upper-level divergence and associated positive geopotential height

anomaly are displaced eastward or northeastward from the forcing center.

The eastward displacement and structure of the upper-level response are also related to
the perturbed temperature field at the lower-level. Through thermal wind balance, vertical
shear of perturbed meridional winds is enhanced near the forcing location. This perturbed
meridional wind shapes the western flank of the upper-level positive height anomaly and

establishes the featured eastward displacement.

Height change approx. (Eq. 6)
High pressure o !
cevge' d?sp\aceo to northeast High o ’ |Z'| ~ I_fl @
< 9 D
height change anomalous

( /_, Rossby wave source
— H Stronger upper-level divergence
/ ) A Rossby wave source approx. (Eq. 7)
S'~—fV-5y
[Regions near upper-level jet ] nvergence
stronger warm advection through mean T gradient
Convergence & vertical motion (Eq. 9)
Stronger vertical motion ® , .,
[ \ ® .u:—/(v-r\)dp
= | Stronger lower-level convergence | ertical motior
A ( L @ \ leading g vertical motion within :vopospl?e!(; 4'
— ) v ,on- “emeeee cameca, Thermodynamic Eq. (Eq. 10)
@ Stronger warm advection | Q'
'\ near upper level jets & terrain ’ @ . (= - (7 vT))
@ . :

stability Temperature

Temp. Advection (Eqs. 11&12)
i s —aT"
-(V-VT)' ~ —I’EJ — a5

& upper-level jet

®
@

Fig. 9. Conceptual diagram of important processes of inducing stronger atmospheric
responses due to imposed low-level heating anomaly. Important processes related to mean
(perturbed) state are marked as boxes with solid (dashed) contour with number. Each number
is also assigned to the related equations shown on the right.

7.Discussion and Conclusions

This study investigates how imposed low-level heating anomalies over land, which can
arise due to persistent drought conditions, affect the large-scale atmospheric circulation. We
analyze the physical mechanisms that make some regions produce stronger responses than
others. We conducted approximately 2000 experiments using a Linear Baroclinic Model,
taking advantage of its low computational cost due to its low complexity. The results show

that regions near strong climatological upper-level zonal flow and topography, combined
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with low static stability, exhibit stronger warm advection and vertical motion in response to

low-level heating, leading to stronger perturbation in both lower and upper atmosphere.

While previous studies have conducted similar idealized heating experiments over
selected regions, our study extends this framework to global land areas and examines the
physical and dynamical processes that distinguish regions of particularly strong wave
responses. Koster et al. (2016) and Wang et al. (2019) showed that prescribed diabatic
heating can generate largely phase locked atmospheric circulation responses, suggesting a
potential feedback pathway between dry land surface conditions and the large-scale
circulation at certain regions. Here, we extend this approach globally and identified the
general spatial structure and their seasonal dependence of the resulting wave responses.
Further, we identify the factors that modulate the strength of the circulation response to

drought-like diabatic heating.

A previous study showed that circulation anomalies, the development of upper-level high
pressure system and enhanced lower-level divergence, can explain surface drying even in the
absence of explicit information about atmospheric moisture (Kim et al., submitted). Our
results suggest that if droughts persist within the hotspot regions, induced anomalous upper-
level anticyclonic circulation, typically displaced northeast from the heating source, may
favor drying in adjacent regions: This provides a potential dynamical pathway for the spatial
propagation of drought. The 2012 US drought is one example of drought propagation.
Persistent drought conditions affected the southern Great Plains during spring 2012, followed
by drying over the Midwest located northeast in subsequent months (Hoerling et al., 2014;
DeAngelis et al., 2020). Because the southern Great Plains is located within the hotspots
identified here, the idealized results suggest that land-surface heating in this region may have
contributed to circulation anomalies favorable for drying in the regions located northeast.
More generally, hotspot regions may be particularly efficient in amplifying or propagating
drought favorable conditions once persistent droughts are present over the regions.
Furthermore, several hotspot regions, including near the Great Plains, Tibetan Plateau, and
southern Africa are projected to experience increased atmospheric drying (Wankmiiller et al.,
2024), which can contribute to more widespread dry conditions in the future through the
proposed pathway.

An important caveat is the missing physical link between dry land surface conditions and

the imposed low-level heating anomaly. The conversion of soil moisture deficits into sensible
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heating depends on land surface properties and background climate. Differences in soil
properties affect the surface energy balances (Lehmann et al., 2018; Wankmiiller et al., 2024;
Dennis and Berbery, 2021), which can result in different warming responses across regions
(Miralles et al., 2012; Hsu et al., 2024). In addition, the warming response is dependent on
the season. For example, Teng et al. (2019) showed that different climatological soil state and
planetary boundary layer structure across seasons can result in different heating responses to
the same soil moisture anomalies. Thus, the underlying assumption in this study that an
identical soil moisture anomaly would generate a uniform heating response across all land
grid cells in unlikely to hold. The magnitude and vertical profile of the resulting temperature

perturbation may vary considerably across regions and seasons.

The strength of the atmospheric response depends not only on the geographical location
of the given heating anomaly, as examined here, but also on the efficiency of dryland surface
conditions to generate that heating anomaly. Some regions or seasons may produce strong
atmospheric responses even if they are not identified as dynamical hotspots in the present
study, because they can generate stronger or deeper heating anomalies for a given soil
moisture deficit. For example, regions such as the Mediterranean during summer can exhibit
particularly strong land surface heating response to soil moisture anomalies in summertime
(Miralles et al, 2012). A more complete assessment of drought-circulation feedback will
therefore require consideration of both components — the sensitivity of atmospheric

circulation to diabatic heating and the sensitivity of diabatic heating to land surface drying.

A second limitation 1s that the dry version of LBM used here does not resolve any
processes involving atmospheric moisture, and nonlinear dynamical interactions are not
considered by construction. Inclusion of these processes could modify the simulated
responses examined in our study. Changes in moisture could affect horizontal and vertical
temperature gradients and thereby influence the associated circulation. If more complex
processes are considered, such as cloud and convective processes, it could further modify the
response through latent heating, particularly where moist convection is active. Such effects
are likely to be important over the tropical oceans. However, our goal is to understand how
low-level heating associated with dry land surface conditions changes the atmospheric
circulation, including such processes would not significantly change our conclusion.

Moreover, the Koster et al. (2016) study already compared responses from a simple
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linearized model with those from a more complex atmospheric general circulation model and

found broadly consistent large-scale circulation responses.

This study investigated a thermodynamic and dynamical pathway linking land surface-
related low-level heating anomalies to large-scale atmospheric circulation responses,
exploring a potential pathway of the remote effect of land-atmosphere interactions. The
results suggest that drought amplification and spatial propagation may be particularly favored
when heating occurs over persistent dry land surface in regions where the background
atmospheric state efficiently converts that heating into a large-scale circulation response.
However, the pathway linking soil moisture anomalies to sufficient low-level heating
anomalies remains unsolved and requires further investigation. Future studies using a
hierarchy of models could explicitly couple these two components and evaluate to what
extent anomalies over the hotspot regions contribute to the amplification and spatial

propagation of historical drought events.
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APPENDIX

Approximation of the Streamfunction

The perturbed streamfunction can be approximated locally as a wave-like solution,
l/}l ~ lpoei(kx+ly)’
where k = 2 /L, and [ = 2m/L,, are the zonal and meridional wavenumbers, respectively,

and Ly and L, are the corresponding wavelengths. We further define K* = k? + [?. Under

this approximation, the rotational wind perturbatin is
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, o oy oy
756 vy = <—W,W> = (=il ik)y’,

757  and the relative vorticity perturbation is

758 {'=V3)' = (—k* -1y’ =K%

759  Therefore, Eq. 4 can be written as

760 (T, vy) - (ik, iD(—K*Y") + (=il i)y’ -V({{ + ) =S
761  Arranging terms for ' gives

762 i[—K?(wpk + Vyl) — 10,3, + k0, (' = S', (A1)

763 where {, is the climatological absolute vorticity. Eq. A1 can be expressed as

764 iy’ =5,

765  where

766 8 = Gjer + Sorts
767  with

768 Sjee = —K*(Uyk +7y1)
769 Svort = =10,0, + k0, (.

770  We first assume constant zonal and meridional wavelengths, L, = L,, = 6000km. Under this
771  assumption, k and [ are fixed, such that § depends only on the background climatological

772  state rather than the simulated response in each experiment.

773 To assess the sensitivity of the approximation to this assumption, Fig. S13 shows

774  reconstructed response strength maps obtained using seasonally varying stationary zonal
775  wavenumbers. Specifically, we prescribed npjr = 5, nyay = 6, ny54 = 7, and ngoy = 6,
776  and calculated the local zonal wavenumber as k = n/a cos ¢, where a is Earth’s radius and
777 ¢ is latitude. Allowing the zonal wavenumber to vary produces spatial patterns of

778  reconstructed response strength that are qualitatively similar to those obtained with the fixed
779  wavelength assumption in Fig. 6. Thus, the choice of a fixed wavelength does not

780  substantially affect the qualitative interpretation of the responses.
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This approximation relates the streamfunction (y") directly to the anomalous RWS (S”).

To prevent ¥’ to blow up, we introduce a linear damping on the right-hand side of the Eq.

Al,
oY’ ' =8"—rf,
where r is the linear damping coefficient. Using {’ = —iK 21’ and rearranging yields
(i —rK»)y' = S,
and therefore

s’ s’
2. (42)

VST RET D

As our analysis focuses on the amplitude of the streamfunction response, we consider the

magnitude of Eq. A2,

[’ =~ =7 +(43)
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    V ′ ⋅ ∇   T - +   V - ⋅ ∇   T ′ +   𝜔 ′     S  p - =   Q ′ /   c  p .


    𝜔 ′ =  1    S  p  (     Q ′    c  p −   V ′ ⋅ ∇   T - −   V - ⋅ ∇ T ′ ) .        ( 10 )


      S  p -


    S  p


    𝜔 ′


    𝜔 ′


  3 × 3


    S  p


    𝜔 ′


    𝜔 ′


  −   V ′ ∙ 𝛻   T -


  −   V - ∙ 𝛻 T ′


  𝜕   T - / 𝜕 x


  𝜕   T - / 𝜕 y


  −   V ′ ∙ ∇   T - ≈ −   v ′   𝜕   T -  𝜕 y .        ( 11 )


  −   V - ∙ ∇   T ′ ≈ −   u -   𝜕   T ′  𝜕 x .        ( 12 )


  −   V ′ ∙ 𝛻   T -


  −   V ′ ∙ 𝛻   T -


  −   V - ∙ 𝛻 T ′


    v ′


  𝜕   T - / 𝜕 y


    u -


    v ′


  𝜕   T ′ / 𝜕 x


  v ′


  −   V - ∙ 𝛻 T ′


    u -


  𝜕   T ′ / 𝜕 x


  −   V ′ ∙ 𝛻   T -


    𝜓 ′ ≈   𝜓 0   e  i ( k x + l y ) ,


  k = 2 𝜋 /   L  x


  l = 2 𝜋 /   L  y


    L  x


    L  y


    K 2 =   k 2 +   l 2


    v  𝜓 ′ =  ( −   𝜕   𝜓 ′  𝜕 y ,     𝜕   𝜓 ′  𝜕 x ) =  ( − i l , i k )   𝜓 ′ ,


    𝜁 ′ =  ∇ 2   𝜓 ′ =  ( −   k 2 −   l 2 )   𝜓 ′ = −   K 2   𝜓 ′ .


   (     u  𝜓 - ,       v  𝜓 - ) ⋅  ( i k , i l )  ( −   K 2   𝜓 ′ ) +  ( − i l , i k )   𝜓 ′ ⋅ ∇  (   𝜁 - + f ) =   S ′ .


    𝜓 ′


  i  [ −   K 2  (     u  𝜓 - k +     v  𝜓 - l ) − l   𝜕  x     𝜁  a - + k   𝜕  y     𝜁  a - ]   𝜓 ′ =   S ′ ,       ( A 1 )


      𝜁  a -


  i 𝛿   𝜓 ′ =   S ′ ,


  𝛿 =   𝛿  j e t +   𝛿  v o r t ,


    𝛿  j e t ≡ −   K 2  (     u  𝜓 - k +     v  𝜓 - l )


    𝛿  v o r t ≡ − l   𝜕  x     𝜁  a - + k   𝜕  y     𝜁  a - .


    𝛿  v o r t ≡ − l   𝜕  x     𝜁  a - + k   𝜕  y     𝜁  a - .


    L  x =   L  y = 6000 k m


  k


  l


  𝛿


    n  D J F = 5


    n  M A M = 6


    n  J J A = 7


    n  S O N = 6


  k = n / a  cos ⁡  𝜙


  a


  𝜙


    𝜓 ′


    S ′


    𝜓 ′


  i 𝛿   𝜓 ′ =   S ′ − r   𝜁 ′ ,


  r


    𝜁 ′ = − i   K 2 𝜓 ′


   ( i 𝛿 − r   K 2 )   𝜓 ′ ≈   S ′ ,


    𝜓 ′ ≈     S ′  i 𝛿 − r   K 2 =     S ′  D .        ( A 2 )


   |   𝜓 ′ | ≈    |   S ′ |   | D | .        ( A 3 )

