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Abstract

Atmospheric rivers (ARs), narrow intense moisture transport, account for much of the
poleward moisture transport in midlatitudes. While studies have characterized AR features
and the associated hydrological impacts in a warming climate in observations and
comprehensive climate models, the fundamental dynamics for changes in AR statistics (e.g.,
frequency, length, width) are not well understood. Here we investigate AR response to global
warming with a combination of idealized and comprehensive climate models. To that end,
we developed an idealized atmospheric GCM with Earth-like global circulation and
hydrological cycle, in which water vapor and clouds are modeled as passive tracers with
simple cloud microphysics and precipitation processes. Despite the simplicity of model
physics, it reasonably reproduces observed dynamical structures for individual ARs,
statistical characteristics of ARs, and spatial distributions of AR climatology. Under climate
warming, the idealized model produces robust AR changes similar to CESM large ensemble
simulations under RCP8.5, including AR size expansion, intensified landfall moisture
transport, and an increased AR frequency, corroborating previously reported AR changes
under global warming by climate models. In addition, the latitude of AR frequency maximum
shifts poleward with climate warming. Further analysis suggests the thermodynamic effect
(i.e., an increase in water vapor) dominates the AR statistics and frequency changes while
both the dynamic and thermodynamic effects contribute to the AR poleward shift. These
results demonstrate that AR changes in a warming climate can be understood as passive water
vapor and cloud tracers regulated by large-scale atmospheric circulation, whereas convection

and latent heat feedback are of secondary importance.
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1. Introduction

Atmospheric rivers (ARs) are long, narrow corridors of synoptic horizontal water vapor
transport in the midlatitude lower troposphere, accompanied with low-level jet streams ahead
of the cold front of extratropical cyclones (e.g., Zhu and Newell 1998; Ralph et al. 2004;
Neiman et al. 2008; Cordeira et al. 2013; Guan and Waliser 2015). These narrow corridors
of concentrated moisture transport often originate from tropical oceans and carry large
amounts of water vapor to the high latitudes, contributing 30-60% of the annual total
precipitation to the west coasts of continents (e.g., Guan et al. 2010; Dettinger et al. 2011;
Guan et al. 2012; Rutz and Steenburgh 2012; Viale et al. 2018). Too many, too strong, and/or
long-lasting ARs, as well as a favorable antecedent soil moisture condition, bring extreme
rainfall and floods to these regions (e.g., Dettinger 2006; Ralph et al. 2006; Stohl et al. 2008;
Lavers et al. 2011; Neiman et al. 2011; Ralph et al. 2013; Konrad and Dettinger 2017; Paltan
et al. 2017; Corringham et al. 2019; Ralph et al. 2019). ARs also breed snow accumulation
and snowmelt events over both the Arctic and Antarctic (Gorodetskaya et al. 2014; Baggett
et al. 2016; Hegyi and Taylor 2018; Mattingly et al. 2018; Wille et al. 2019), modulating the
hydrological cycle in polar regions (Nash et al. 2018). An improved understanding of ARs
in a warming climate is critical for predicting regional weather and hydrological extremes.
In recent decades observations indicate that there are more landfalling ARs along with
warming over the North Pacific (Gershunov et al. 2017). Under future warming, it is expected
that ARs will become longer, wider and wetter (e.g., Espinoza et al. 2018). Both the intensity
and the number of landfalling ARs and resultant heavy rainfall will increase in accordance
with the projected warming (Lavers et al. 2015; Hagos et al. 2016; Curry et al. 2019;

Gershunov et al. 2019; Huang et al. 2020; Ma et al. 2020b).
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Given IVT consists of moisture and horizontal wind, the mechanisms for these AR changes
in a warming climate can be roughly divided into two interrelated aspects (see reviews by
Payne et al. 2020). The first mechanism is focused on the effects of robust thermodynamic
characteristics of greenhouse gas increases on moisture. The Clausius-Clapeyron (CC)
equation implies that the water-holding capability of the atmosphere increases with global
warming. This is supported by many model studies suggested that the future changes of ARs
are generally dominated by a uniform increase in atmospheric moisture and therefore the
enhanced IVT in a warming climate (e.g., Gao et al. 2015, 2016; Lavers et al. 2015; Payne
and Magnusdottir 2015; Warner et al. 2015). The other perspective is centered on the latitude
of ARs due to the circulation response to global warming, termed as dynamic change. A
poleward shift of ARs as the westerly jet shifts in a changing climate is found over North
Atlantic and South Hemisphere (e.g., Gao et al. 2016; Ma et al. 2020a) while a small but
robust reduction in IVT magnitude and an equatorward shift of ARs due to wind changes are
found over North Pacific (e.g., Payne and Magnusdottir 2015; Gao et al. 2015; Shields and
Kiehl 2016). In addition, ARs tend to occur with the extratropical cyclone development
(Eiras-Barca et al. 2018; Zhang et al. 2019), which may be impeded by the reduction in the
low-level baroclinic instability in a warmer climate, further increasing the complexity of AR
response to global warming. Thus, the large uncertainty in midlatitude circulation changes,
especially in comprehensive model simulation, can obfuscate a simple explanation of the AR

dynamical response to global warming.

Climate models to date represent observed statistics of ARs relatively well while large
regional biases still exist (e.g., Payne and Magnusdottir 2015; Guan and Waliser 2017 and

the review by Waliser and Cordeira 2020). While the earlier studies have characterized the
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91 AR features and associated hydrological impacts in a warming climate using comprehensive

92  climate models, the fundamental dynamics (e.g., temperature gradient, baroclinic instability,

93  eddy momentum flux, and eddy heat flux) for changes in AR statistics (e.g., frequency, length,

94  width) are not well understood. Although simulating ARs as accurately as possible is vital to

95  pursue robust projections of AR changes, the large uncertainty and complexity in the

96  comprehensive climate model make it difficult to understand the fundamental dynamical

97  processes in the AR response to a warming climate.

98

99  In this study, we take a different approach and examine the AR change in a warming climate
100  using a combination of idealized and comprehensive climate models. Many idealized models
101  have no explicit hydrological cycle (e.g., the dry dynamical core in Held and Suarez 1994)
102  or unrealistic boundary conditions (e.g., the aquaplanet model in Neale and Hoskins 2000)
103  and thus cannot simulate realistic spatial distributions of ARs. We developed a new idealized
104 GCM with Earth-like global circulation with simple water vapor processes. Despite the
105  simplicity of model physics, the idealized model produces robust AR changes under climate
106  warming similar to a comprehensive model, improving our confidence in atmospheric
107  moisture transport and the fundamentals of AR dynamics in a warming climate.
108
109  The paper is organized as follows. Section 2 describes the model setup of this new idealized
110  model. The datasets used for model evaluation are also introduced in Section 2. Section 3
111  evaluates the performance of the idealized model in simulating the observed general
112 circulation and hydrological cycle. The modeled ARs in the control run are evaluated with
113  observations in Section 4. The circulation and AR responses to a warmer climate in the

114  idealized model and CESM LENS are presented in Section 5.
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115

116 2. Model setup and datasets

117  2.1. Model setup

118 In this study, a simple GCM is constructed to simulate reasonably accurate ARs and their
119  changes in a warming climate. Unlike the comprehensive GCMs designed to model every
120  observed detail as much as possible, simple models are designed to capture the fundamental
121  physical processes only, and thus are valuable for understanding nature and are suitable for
122 our goal. To simulate the ARs in a GCM with relatively simple physics but with atmospheric
123  circulations close to the real atmosphere, we set up a dry atmospheric dynamical core by
124  introducing Newtonian relaxation of temperature towards an equilibrium temperature that
125  helps reproduce the observed climatology, and water vapor and cloud are implemented into
126  the dry dynamical core as passive tracers, as described below.

127

128  We begin with the GFDL dry dynamical core (Held and Suarez 1994), which relaxes the
129  temperature to a three-dimensional radiative equilibrium temperature field 7., by Newtonian
130  relaxation to mimic diabatic heating in the form of (07/0t) = —(T — Tey)/r, where T is
131 temperature and 7 is a prescribed relaxation time scale given in the appendix of Jucker et al.
132 (2014). The T¢, fields are determined individually for each month of the year and then linearly
133  interpolated to daily values. To create a more Earth-like atmospheric circulation in the model,
134  we employ the zonal asymmetric relaxation temperature field 7., generated based on the
135 mean state of the observation following (Wu and Reichler 2018), which was achieved
136  through the iterative procedure described in Chang (2006). We simply describe the algorithm
137 in Appendix A. The effect of seasonal variations in the mean state is examined by

138  individually calculating for each month. While only the mean climate is the target of the
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139  iteration process, transient eddies are created internally by the baroclinically unstable
140  atmosphere. Eddy fluxes of momentum and energy highly resemble the observations with
141  some slight differences in magnitude (Chang 2006, Wu and Reichler 2018), likely due to the
142  close relationship between eddy statistics and mean climate. The actual Earth topography is
143  employed in the model to further generate realistic planetary waves. There is no explicit
144  boundary layer parameterization. The wind fields are damped by Rayleigh friction near the
145  surface. With the above setting, an Earth-like atmospheric general circulation, including the
146  stratospheric circulation and stationary planetary waves (Wu and Reichler 2018), is produced
147  in this idealized model.

148

149  Given that the object of this study is ARs, which involves hydrological processes including
150  moisture transport and precipitation as mentioned in the Introduction, a feasible technique to
151  model the hydrological cycle is required. We achieve this by adopting a simple cloud physics
152 in which the water vapor and cloud fraction are modeled as passive tracers, following Ming
153  and Held (2018, MH18 hereafter). Here we simply summarize this cloud physics and describe
154  afew technical differences of our work from MH18. In this simple cloud physics, there is no
155  convective parameterization. Water vapor and cloud fraction are modeled as passive tracers,
156  thus they do not affect the flow. There are three water tracers advected: specific humidity,
157  liquid, and ice condensates. Surface evaporation is mimicked by nudging RH at the bottom
158  Ilayer to 100% with a time scale of 30min (as compared with RH below 850hPa is nudged in
159 MHI18). As in the GFDL HiRAM (Zhao et al. 2009), the large-scale cloud scheme diagnoses
160 cloud fraction and condensation from grid-mean total water (water vapor and cloud
161  condensates) using an assumed subgrid-scale distribution, which takes the form of a beta

162  distribution with its width controlled by the grid-mean total water multiplied by a width
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163  parameter, defined in Tompkins (2002). The beta distribution parameters are the same as
164 MHI18. We adopt a single-moment cloud microphysics developed by Rotstayn (1997) and
165 Rotstayn et al. (2000), that has been successfully applied in GFDL AM2 and AM3. The main
166  pathways for transformation between cloud condensates, precipitation formation, and re-
167  evaporation of condensates, precipitation are involved. Same as MH18, this scheme assumes
168 condensation (re-evaporation) not to generate condensational heating (cooling) and thus does
169 not affect flow. No water vapor and cloud radiative effect is involved in this scheme either.
170  Thus, water vapor and cloud are completely passive.

171

172 Given the model is a spectral core, a finite-volume gridpoint advection scheme, applicable to
173  the gaussian grid, is used to advect the model’s passive tracers. The horizontal tracer transport
174  is computed using the finite-volume formulation (Lin and Rood 1996). This formulation has
175  been examined by a study of tracer transport in baroclinic life cycle (Polvani and Esler 2007),
176  an investigation of subtropical water vapor source (Galewsky et al. 2005), and isentropic
177  mixing of tracers by large-scale atmospheric circulation (Chen and Plumb 2014). The reader
178  is referred to MH18 for a more detailed exposition for the tracer advection algorithm.

179

180  Our model has 40 levels in the vertical. A sponge layer is employed near the model cap. The
181  horizontal resolution is T42, with a resolution of about 2.8°x2.8°. We investigate the
182  sensitivity of parameters for the calculation of cloud fraction and condensation, such as the
183  width parameter for the tracer distribution that has been tested in MH18. The sensitivities in
184  the vertical structure simulation of water vapor are reasonable and consistent with that in
185  MHI18 with a zonally symmetric circulation (figure not shown). More model evaluations for

186  the simulations of cloud fraction, cloud water, and cloud ice will be presented in Section 3.
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187

188 2.2. Datasets, method, and statistics

189  To evaluate the simulated circulation, hydrological cycle, and ARs, we compare the control
190  (Ctrl) run with ERA-Interim (ERAI) reanalysis (Dee et al. 2011). The variables from ERAI
191 have a horizontal resolution of 1.5°x1.5° and 37 levels in vertical. The daily data and the
192  long-term mean of 1979-2018 are used.

193

194  The outputs of 40 ensembles in the large ensemble simulation (LENS) based on CESM, a
195  comprehensive fully coupled climate model from NCAR, are employed (Kay et al. 2015).
196  Every member was under identical historical forcing before 2005 and RCP8.5 forcing after
197  that. We collect the daily data during 1979-2005 (27-year) in historical runs (Hist, hereafter)
198  and during 2074-2100 (27-year) in RCP8.5 runs (RCP8.5, hereafter). The projected AR
199  changes in CESM simulations are used to assess the AR response to climate warming in the
200  idealized model simulations.

201

202  The analysis in this study is based on the climatology of annual mean if no specific statement.
203  The pattern correlation coefficient (PCC) is employed to measure the pattern similarity
204  between the Ctrl run and observations. Vertical and latitudinal weights are considered, and
205  the global mean is removed before the calculation of PCC.

206

207 3. Atmospheric circulation and hydrological cycle

208 It is important to verify that this simple model is able to achieve a realistic atmospheric
209 circulation and hydrological cycle. We first conduct a control simulation (Ctrl run) based on

210  the model setup described above. The Ctrl run is integrated for 36 model years and the outputs
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211  from the last 30 years are analyzed.

212

213  Starting with the zonal mean circulation, Figure 1a presents the zonal mean zonal wind (color)
214  and temperature (contour) in the Ctrl run. As expected, the modeled temperature field highly
215  resembles the ERAI as shown in Figure 1b, including the spatial pattern and the magnitude,
216  since the T, used to drive this model is produced to reproduce observations by an iterative
217  approach as described in Section 2.1. Specifically, the pattern correlation coefficient (PCC)
218  between the Ctrl and the ERAI is effectively 1.0, indicating the model recovers the spatial
219  pattern of temperature through the iterative process. Correspondingly, the zonal mean zonal
220  wind is well reproduced in this idealized model. The correlation coefficient for the zonal
221  mean zonal wind reaches 0.97. The westerly jet positions and their non-symmetric pattern in
222 two hemispheres, even in the stratosphere, are very close to that in the ERAIL These well-
223  reproduced zonal mean zonal wind patterns are mainly determined by the well-simulated
224  temperature field, especially over the extratropics where the thermal wind balance is
225  dominant. Figure 1c and d compare the mean meridional circulation and relative humidity in
226  the simple model and ERAL In the tropics, the lack of convective scheme in our model leads
227  to an underestimation of the tropical convection in the simulation (determined by the
228  prescribed Te,), therefore a weaker Hadley Cell (tropical convection) is produced in
229  comparison with the observation. However, the spatial pattern of the Hadley cell is well
230  captured in the simple model (PCC=0.93). Therefore, the vertical structure of the relative
231  humidity, such as the dry subtropics and wet high latitudes, shares similarity with that in
232 observation (PCC=0.91). It should be noted that the simulated relative humidity is generally
233 higher than that in ERAI, since we simply nudge the relative humidity to 100% at the bottom

234  level of the idealized model which exaggerates the wetness over the land area. In addition,

10
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235  due to the lack of convection scheme and thus the weak vertical motions in the deep tropics,
236  the model bias also lies in the vertical structure of RH (Fig.1cd). In the real atmosphere, the
237  large values of low-level humidity and associated CAPE will trigger convective instability,
238  which is generally treated by subgrid convective parameterizations in a comprehensive
239  climate model, including the release of CAPE and mixing with drier environmental air. This
240  setting prevents the excessive accumulation of moisture at the low level and the
241  disappearance of the RH vertical gradient in the mid-to-upper troposphere in the tropics
242  (Fig.lcd). Nevertheless, this simplification does not affect the simulation in the overall
243  picture of the zonal mean structure of relative humidity which is controlled by the moisture
244  transport associated with large-scale atmospheric circulation (Galewsky et al. 2005).

245

246  The moisture transport budget is © — £ = —V - V'q diagnosed in Figure 2 to assess the
247  simulation of the hydrological cycle in the idealized model. The modeled precipitation minus
248  evaporation (P-E) is balanced by the moisture transport —V - Vg, Compared to ERAI while
249  the moisture transport over the tropics and the subtropics of the South Hemisphere in the
250  model is weaker due to the biases in the magnitude of the tropical convection, the water cycle
251  over extratropical regions where most ARs occur is very close to the reanalysis data. The
252 good simulation of the extratropical water vapor balance facilitates a reasonable simulation
253  of ARs in this model (will be discussed later).

254

255  Figure 3 depicts the simulated cloud fields (cloud fraction, cloud liquid, and cloud ice) in the
256  Ctrl run and ERAI reanalysis. The simulated clouds in the mid and low troposphere in the
257  tropics are unrealistic due to the lack of a convection scheme, as we mentioned earlier. Thus,

258  we consider the relevance of this model for the real atmosphere is confined to the extratropics.

11
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259  Similar to MH18, the model is capable of qualitatively simulating some familiar aspects of
260  the highly inhomogeneous cloud distribution over the tropical upper troposphere and
261  extratropics compared with ERAIL Cloud fraction generally extends vertically through almost
262  the entire troposphere in the extratropics, especially over the storm tracks where ARs occur
263  frequently. The cloud fraction in the subtropical dry zones is also well reproduced in the
264  model. Similar to ERAI, the transition from cloud liquid to ice in the Ctrl run follows the
265  freezing line (Figure 3cdef).

266

267 4. Characteristics of Atmospheric Rivers

268  According to the above evaluation, the simple model used here is capable of reasonably
269  modeling the realistic large-scale circulation and moisture transport, especially over the
270  extratropical regions. We next further verify that this model is able to simulate ARs,
271  including their fine-scale dynamical structure and climatological distribution. The AR
272  detection method in Guan and Waliser (2015) is employed in this study. This AR detection
273  algorithm is based on integrated water vapor transport (IVT) derived from specific humidity
274  and wind fields at the pressure levels between 1000 and 300hPa inclusive for the idealized
275 model and ERAIL For CESM LENS, IVT is calculated by vertically integrated specific
276  humidity and horizontal winds from near the surface to 200mb because data at 1000 and
277  100hPa is not archived. The 85th percentile of IVT strength or 100 kg m™!' s!, whichever is
278  greater, is chosen as the threshold for AR detection at each grid for each month. Since the
279  85th percentile IVT is used as a threshold most of the time, any bias in the IVT calculation
280  will be implicitly accounted for when detecting ARs. Therefore, this AR detection algorithm
281  isnot sensitive to the ways how IVT is derived. Only objects with its meridional component

282  of mean IVT greater than 50 kg m™! s™! are considered, given the notion that ARs transport
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283  water vapor from low to high latitudes. For the detected object to be considered as AR, there
284  should be less than half of the grid cells that have IVT deviating more than 45° from the
285  object’s mean IVT direction. In addition, the direction of mean IVT deviates from the overall
286  orientation should be less than 45°. The overall orientation here is defined as the mean
287  azimuth of the arc connecting the two end grid cells of AR’s axis with the maximum great
288  circle distance following Guan and Waliser (2015). In this algorithm, AR should be longer
289  than 2000 km and with a length to width ratio of at least 2:1.

290

291  Figure 4 gives the spatial structure of a specific AR in the model and in the ERAI,
292  respectively. We compose this figure following Ralph et al. (2017) and one can see that the
293  modeled AR captures the key AR characteristics, i.e., a narrow, elongated, synoptic-scale jet
294  of water vapor extending thousands of kilometers in length and an order of magnitude less in
295  width. As shown in the vertical cross-section of ERAI (Figure 4d), the low-level moisture
296 transport is concentrated in the bottom 3km of the atmosphere. While the low-level jet ahead
297  of the cold front carries the vast majority of the horizontal water vapor transport, the cold
298  upper-jet advects dry air aloft. Despite the coarse resolution and simple moist scheme, this
299  coherent spatial structure is well reproduced in the idealized model (Figure 4c), indicating a
300 major role of large-scale atmospheric circulation in the development of ARs through
301 isentropic mixing of air mass and moisture (Chen and Plumb 2014).

302

303 The AR climatology simulated in this idealized model is further assessed. Figure 5 presents
304 the climatologies of IVT and AR frequency. The strong moisture transport mainly occurs
305 over the tropical trade wind belts (i.e., ITCZ), monsoon regions and midlatitude oceanic

306 basins (Fig. 5b). Since there is no convective parameterization in the model, the ITCZ is
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307  hardly simulated, while the water vapor transport over the Asian Monsoon region can be
308 reproduced mainly due to the topography effect. In contrast, the pattern of moisture transport
309 over the extratropics, especially over the midlatitude oceanic basins, where the storm tracks
310 and ARs are active, is well reproduced (PCCextratropics=0.82), except that the values are lower
311 than the observation again due to the lack of convection scheme and thus no condensational
312  heating feedback in the model. In addition, the coarse resolution could contribute to this
313  underestimation as well. Given that ARs are defined with the threshold of 85th percentile
314  IVT, thus not sensitive to the climatological magnitude of IVT, the pattern of AR frequency
315 is well simulated in the model (PCC=0.95). In addition, the magnitude of the AR frequency
316  over the midlatitude ocean is in good agreement with that in the observation (8-14%).

317

318 Given the ARs are active at the midlatitudes as shown above, we calculate the zonally
319  integrated meridional IVT associated with AR transport and the AR zonal scale over 30°-
320  50°N(S) following Guan and Waliser (2015). The results show that the ARs account for 81%
321  (82%) of the total meridional IVT and 9% (11%) of the zonal circumference over 30°-50° in
322  the Northern (Southern) Hemisphere in the Ctrl run. The AR fractional IVT is slightly lower
323  than that in the observations, 85% (89%) of total meridional IVT, which could be due to the
324  idealized setting of excessive surface moisture over the land where the AR activity is much
325  less. The AR fractional zonal-scale in the idealized model matches the observation, 8% (11%)
326  of the zonal circumference, indicating that the idealized model relatively well captures the
327  key characteristic of ARs found in early studies that estimated ARs, while covering ~10% of
328  the Earth’s circumference at midlatitudes, accounts for the majority of the total poleward
329  water vapor transport at these latitudes (e.g., Zhu and Newell 1998; Newman et al. 2012;

330  Guan and Waliser 2015).
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331

332 Figure 6 shows the probability density function (PDF) of AR basic characteristics in Ctrl run
333 and ERALI, including size (length and width), meridional range (lowest latitude and highest
334 latitudes), direction of mean IVT and coherence of IVT direction, mean magnitude of IVT,
335 landfall magnitude. Here, the coherence of the IVT direction of an AR event is measured by
336  the fraction of AR grid cells with IVT directed within 45° of the mean AR IVT (Guan and
337  Waliser 2015). For the AR size, the distribution of AR length is well reproduced in the
338 idealized simulation, while the AR width in Ctrl is about 200km wider than that in the
339  observation (Fig. 6ab). This biased PDF shift in the simulated AR width is likely due to the
340  coarser spatial grids in the idealized model compared to 1.5°x1.5° in ERALI since the coarse
341  horizontal resolution of the model cannot capture the filamentation aspect of the ARs well
342  (Guan and Waliser 2015). The PDFs of the highest and lowest latitude of ARs in each
343  hemisphere, which measure the meridional range of AR activities, also match the
344  observations (Fig.6¢cd). The PDFs of the direction of mean IVT and its coherence in the Ctrl
345 run are well in agreement with the observation in both hemispheres (Fig. 6ef). For the
346  magnitude of landfall IVT and the mean magnitude of IVT, although bias is found in the
347  simulated PDFs, the basic shapes of the distribution are captured by the idealized model (Fig.
348  6gh). The too strong landfalling ARs in the idealized simulation is probably due to the setting
349  of humidity in the model, in which the relative humidity is simply nudged to 100% at the
350 lowest level without the moisture limitation over land. Overall, besides some biases in
351  quantitative values of width and magnitude, the general AR characteristics are well simulated
352  in the idealized model, further corroborating that the AR dynamics is dominated by large-
353  scale atmospheric circulation and associated moisture transport.

354

15
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355  In summary, the simple model used in this study is capable of simulating not only the large-
356  scale circulation and hydrological cycle but also the 3-D spatial structure and statistical
357  characteristics of the ARs with some quantitative biases. These results demonstrate the basic
358 dynamics of ARs can be understood through the transport of passive water vapor and cloud
359 tracers, indicating the important role of large-scale circulation and advection in the simulation
360  of IVT and thus the AR activity.

361

362 5. ARrresponse to global warming

363 5.1. Experimental design and the mean state response to climate warming

364  Since this idealized model is reliable for AR simulation as evaluated in the last section, we
365 next explore the response of ARs to a changing climate in this simple model. A series of
366  experiments with idealized warming (or cooling) forcing is conducted. The forcing employed
367 in this study is a uniform temperature perturbation in the troposphere and a schematic
368  diagram (Fig. 7a) shows the design for the vertical profile of the uniform, 4K for example,
369  tropospheric warming (Trop4K), which is comparable to a ~4.4K warming on average by the
370 end of 21 century in RCP8.5 scenario in CESM LENS simulations. Compared to the Ctrl
371  run,a4K warming is prescribed in 7, fields at each grid below the tropopause (red segment).
372 A linear transition zone is taken into account near the tropopause to mimic an uplifting
373  tropopause induced by tropospheric warming with no change to tropospheric lapse rate. For
374  each temperature profile for Trop4K forcing, the lapse rate in the transition zone is
375  determined by the averaged lapse rate in the three layers below the tropopause in the Ctrl run,
376  thus the thickness may vary from profile to profile. A similar approach was used in Lorenz
377 and DeWeaver (2007) for a raised tropopause. The dotted green line in Fig.7a denotes the

378 new tropopause for 4K warming. The actual temperature change for the 4K warming
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379  experiment is shown in Figure 7b (color shading). More experiments demonstrate that the
380 results are not sensitive to the choice of the parameters to set up the transition zone (not
381 shown). Such a thermal forcing is designed to mimic the thermal effect of uniform SST
382  increase in aquaplanet simulations (e.g., Chen et al. 2013), with the effect of changes in lapse
383 rate excluded. Similarly, a series of experiments with a range of forcing, 2K tropospheric
384  warming, 2K and 4K tropospheric cooling, are conducted to explore the AR changes over a
385 range of climates. The transition zone for the tropospheric cooling forcing is determined
386 similarly as that in the warming forcing, except that the transition zone and the new
387  tropopause are below the tropopause in the Ctrl run. These perturbation experiments have
388  been run for 36 model years, respectively, and the last 30-year outputs are used for analysis,
389  same as the Ctrl run. The response is defined as the differences between the perturbation run
390 and the Ctrl run. The same IVT threshold, the 85th percentile of IVT in the reference state,
391 isused for AR detection in the perturbation scenarios.

392

393  We first show the responses of the zonal mean circulation to the tropospheric 4K warming
394  experiment (Trop4K) in Figure 8 (left column). The results are approximately opposite in
395  sign for the tropospheric 4K cooling experiments (Trop-4K) and thus are not shown here. To
396 further verify the model is able to simulate a reasonable response to tropospheric 4K warming,
397 we compared the responses in the idealized model to that in the comprehensive model
398  simulations, CESM LENS (right column of Fig. 8). The zonal mean results are also similar
399 to the atmospheric responses to 4K uniform SST increase in aquaplanet models (e.g., Chen
400 etal. 2013), which have an intermediate complexity in model physics between the idealized
401 model and CESM. The response in LENS/CESM is defined as the difference between the

402  climatologies of 2074-2100 in RCP8.5 and 1979-2005 in Hist. Compared to the tropospheric
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403 4K warming in the idealized simulation, the global tropospheric temperature response is
404  about 4.4K in LENS/CESM. As a result of the uniform tropospheric 4K warming forcing, a
405  warmer troposphere can be seen in Fig. 8a. However, the pattern of temperature response is
406 not totally uniform, especially over extratropics, indicating the impact of the circulation
407  feedback. Although the projected deep tropical warming and polar amplification cannot be
408 fully represented, the uniform tropospheric warming still creates a temperature gradient
409 increasing at the upper troposphere over the subtropics to midlatitudes due to the slope in the
410  tropopause. Accordingly, consistent with the temperature changes and thermal wind balance,
411  the responses in the zonal mean zonal wind are characterized by a poleward shift in the
412  midlatitude westerly jet (more obvious in the South Hemisphere), with a large acceleration
413  near the subtropical tropopause (Fig. 8ac), resembling the zonal mean zonal wind responses
414  in the LENS/CESM (Fig. 8bd). The temperature gradient changes and jet shifts could
415 influence the Hadley Cell as well (see the review by Vallis et al. 2015). The response of the
416 mean meridional circulation to Trop4K warming shows a weaker Hadley cell, with a
417  poleward expansion in the Hadley cell and a poleward shift in the Ferrel cell (Fig. 8¢) due to
418  the decrease of baroclinic instability and the eddy feedback, displaying the classic pattern of
419  the meridional circulation response to a warming climate, that has been found in the
420  comprehensive models (Fig. 8f) in many previous studies. This shift in atmospheric
421  circulation in response to uniform tropospheric warming in the presence of a sloping
422  tropopause is consistent with a recent study that quantifies a high sensitivity of the zonal jet
423  to changes to the upper-tropospheric temperature gradient (Chen et al. 2020).

424

425  Changes in zonal mean circulation certainly lead to distinct changes in water vapor and

426  hydrological cycle. The responses of relative humidity are characterized by wetness in the
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427  stratosphere and dryness in the tropospheric extratropics (Fig.8g). The former is likely the
428  result of increased water vapor entering the stratosphere in response to tropospheric warming
429 and the latter indicates a larger increase in the saturation vapor pressure than the vapor
430 pressure in a warming climate. These responses in relative humidity are generally in
431 agreement with that in the RCP8.5/LENS except the differences over the upper tropical
432  troposphere likely due to the lack of convective scheme (Fig. 8h). Previous studies (Wright
433  etal. 2010) suggested that the spatial distribution of zonal mean relative humidity responses
434  is largely dependent on circulation and transport changes, such as the poleward expansion of
435  the Hadley Cell, poleward shift of the extratropical jets, and increase in the height of the
436  tropopause as illustrated in previous sections. The tropospheric warming effects are also
437  reflected in changes of precipitation minus evaporation (P-E, Fig. 9), a measure of the global
438  water vapor budget. The responses roughly show a drying effect in the subtropical regions
439  where mean P-E<0 and a wetting effect in the extratropics and tropics where mean P-E>0
440 (Fig. 9), a well-known thermodynamic mechanism for the hydrological cycle response to
441  global warming (e.g., Chou and Neelin 2004; Held and Soden 2006). In addition, the
442  magnitude of P-E changes over the extratropics in the idealized simulation is close to that in
443  CESM LENS.

444

445 5.2. Response of ARs in climate warming

446  As discussed above, the changes of atmospheric circulation and hydrological cycle in the
447  idealized model experiments resemble that in the comprehensive model simulations, paving
448  the way to explore the response of ARs under a warming climate with a combination of the
449  idealized and comprehensive model. Here we present the response of AR frequency in the

450  Trop4K run in Figure 10a. The AR frequency increases over the mid-high latitude regions in

19

Accepted for publicatiofrin'Journal' of Clinhate-' DO O: 117 5/UCLID<20- 1005 < 08/09/21 06:35 FMUTC



451 response to the tropospheric 4K warming, especially over the poleward side of its
452  climatological maximum in the South Hemisphere in the Ctrl run. These more frequent AR
453 activities in a warmer climate are highly consistent with those in the RCP8.5/CESM
454  simulations (Fig. 10b) and many previous studies (see the review by Payne et al. 2020),
455  confirming that the idealized model design is capable of simulating the AR response to global
456  warming.

457

458 To explore the mechanisms of changes in ARs, we employ a simple scaling method
459  developed in Ma et al. (2020) to separate the AR response due to the moisture change with
460 climate warming (thermodynamic effect), i.e., Clausius-Clapeyron relation, and that due to
461  the dynamical effect (wind changes). Note that our method rescales daily IVT in a warming
462  climate by the change in climatological mean moisture, and then the same threshold can be
463  used to compare different scenarios. We create two hypothetical scenarios of daily IVT for
464  each perturbation run by a scaling method applying to specific humidity, given the moisture
465  changes are expected to scale in line with CC. In the first scenario for the ARs with dynamic
466  effect, the specific humidity at each time step, each pressure level, and each grid cell in the
467  perturbation run is scaled with a factor of g./qp, where gc(qp) 1s the climatological specific
468  humidity in the Ctrl (perturbation) run at the level and grid cell to which this factor applies.
469 By scaling the data this way, the AR response due to specific humidity changes is removed
470  in the hypothetical scenario. Then, the dynamic effect is isolated by contrasting this scaled
471  case against the Ctrl run. Similarly, for the second hypothetical scenario of thermodynamic
472  effect, the wind and specific humidity in Ctrl are used but the specific humidity in the Ctrl
473  runis scaled with a factor of g,/q. so as to remove the dynamic response. The thermodynamic

474  effect is the difference between the second hypothetical scenario and the Ctrl run. These two
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475  components are linearly additive (see Fig.11e), indicating that the covariance of the two
476  components is negligible.

477

478  Additionally, we also analyze the sensitivity of the thermodynamic component to local
479  temperature  changes  (thermo Local) versus global temperature  changes
480 (thermo GlobalMean). This separates the nonlinear moisture dependence on temperature.
481  That is, while the increase of saturation vapor pressure with temperature is commonly
482  referred to as 7% K'! warming, this rate is larger at lower temperatures (e.g., polar regions).
483  Specifically, for the additional hypothetical scenario of thermo GlobalMean, the wind and
484  specific humidity in the Ctrl run are used but the specific humidity in the Ctrl run is scaled
485 by a factor of [¢p]/[gc], where the [] denotes the global mean, and therefore the ARs with the
486  thermodynamic effect due to the global mean change are detected. The difference between
487  the thermodynamic effect and the Thermo GlobalMean can be regarded as the
488  Thermo Local effect.

489

490 The AR frequency increases are mainly attributed to the thermodynamic effect (Fig. 11a),
491  i.e., the moisture changes in line with CC, in which the thermo_GlobalMean dominates the
492  magnitude changes over the midlatitudes (Fig. 11c). In contrast, the thermo Local and
493  dynamic effects contribute to the AR poleward shift (Fig.11bd). The thermo Local is also
494  characterized by a dipole structure in the midlatitude oceans (Fig. 11d), which is likely the
495  imprint of the storm track shift in the tracer field of water vapor. We further quantify the
496  contribution of dynamic and thermo Local effects in Fig. 11f by presenting the zonal mean
497 AR frequency. The dynamic effect leads to an AR decrease over the midlatitude and increase

498 over the high latitude, contributing to the poleward shift of ARs. The contribution of
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499  thermo Local to the AR increases in high latitudes is comparable to or even larger than the
500 dynamic effect. This thermo Local effect on a global scale has not been studied yest while
501 most previous studies attribute the AR poleward shift only to the wind changes focusing on
502  region of interest. In addition, the dynamic effect also results in an AR increase over the
503  subtropics of the North Hemisphere, suggesting the topographic effect in the asymmetric
504 responses of two hemispheres.

505

506  Next, we check the responses in the basic characteristics of ARs in Figure 6. Robust
507  responses are found in length, width, coherence of direction, and landfall magnitude, as
508 illustrated in Fig. 12. In response to the uniform tropospheric 4K warming, the ARs become
509 longer and wider, denoting larger ARs are expected under global warming according to the
510 same detection threshold (Fig. 12ac). It is worthy to note that the coherence of IVT direction
511  decreases along with the size increasing (Fig. 12¢), given the detected ARs are larger
512  according to the same threshold and thus presenting a less organized feature. The intensity
513  of landfalling ARs is enhanced in a warmer climate (Fig. 12g), consistent with previous
514  studies (e.g., Lavers et al. 2015; Hagos et al. 2016; Espinoza et al. 2018; Curry et al. 2019;
515  Gershunov et al. 2019; Huang et al. 2020). These results in the idealized model are in
516  agreement with the responses in the RCP8.5 scenario in CESM LENS simulations with a
517 ~4.4K warming on average (Fig.12, right column). The consistency in the responses of AR
518 characteristics between the idealized model and comprehensive model further indicates that,
519  although there are some biases in the simulation of AR characteristics (e.g., width in Fig6b),
520 the idealized model is able to simulate the AR changes in a warming climate. The simplicity
521  of model physics in the idealized model demonstrates that the projected AR changes under

522  global warming can be understood as passive water vapor and cloud tracers without explicit
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523  consideration of convections and associated latent heating feedback, and thus are not
524  particularly sensitive to details of model physics. In other words, the dominant physical
525  mechanism for atmospheric rivers is the mixing of air mass and moisture along isentropic
526  surfaces associated with large-scale tropospheric weather systems (Chen and Plumb 2014),
527  which also play a major role in the humidity structure of the atmosphere (Galewsky et al.
528  2005; Wright et al. 2010).

529

530  One advantage of the idealized model over the comprehensive model is to test the sensitivity
531  oftheresponse to climate forcing. Here we further investigate the AR changes among a range
532  of climates (-4K, -2K, 0, 2K, 4K temperature forcing; See Tab. 1). The zonal means of the
533 AR frequency in a series of experiments are shown in Figure 13a. The AR activities gradually
534  become more frequent along linearly with the tropospheric temperature changes, while a
535 clear poleward shift is found in the latitude of the AR frequency maximum, especially over
536  the South Hemisphere. The increase of AR frequency over the South Hemisphere along with
537  warming is larger than that in the North Hemisphere. This hemispheric asymmetry is
538 enhanced along with the forcing magnitude. The poleward shift of the ARs and its
539  hemispheric asymmetry in a warming climate is in agreement with that in the RCP8.5/CESM
540  simulations (Fig. 13b). Observations also witnessed a poleward shift in AR in recent decades,
541  with important implications for moisture transport into the Antarctic (Ma et al. 2020a).
542  Interestingly, the increase of AR frequency in the Trop4K run is 48.1%, while a 50% increase
543 is found in the RCP8.5/CESM simulation with a tropospheric 4.4K warming on average.
544  Thus, we conclude that the shift and intensification of AR frequency in response to global
545  warming in the idealized model experiments are comparable to those in the CESM simulation.

546
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547  For the statistics of the basic characteristics of ARs, the PDFs present a monotonic change
548 among a range of climates (Fig. 14). The PDFs of AR size tend to shift to the longer and
549  wider sides in a warming world and to shift to the shorter and narrower sides in a cooling
550 world according to the same detection threshold (Fig. 14ab). Along with the AR size
551 expansion due to the monotonic temperature increases, the coherence of ARs is weakened
552  monotonically (Fig.14c). The PDF of the magnitude of landfalling IVT tends to shift to the
553  more intense side gradually along with temperature increases, indicating the amplified
554  influence on the coastal region following further warming in the future. The line chart in each
555  subplot of Fig. 14 explicitly shows the shifts of medians (gray line with colored stars) to their
556  reference state (the median in Ctrl or Hist). Similar to the response in AR frequency, the
557  change of the medians in simple model simulation Trop4K are quantitatively close to that in
558 CESM LENS RCPS8.5 with a tropospheric 4.4K warming on average (compare the red star
559  and solid circle in each line chart in Fig. 14). The above results demonstrate that the responses
560 of ARs in a warming climate, albeit with some biases, can be understood as passive water
561  vapor and cloud tracers in a changing circulation. This simple physical setup helps to boost
562  our confidence in the model projections of ARs in a warmer climate. Further, the
563  contributions of dynamic and thermodynamic to the changes in AR characteristics are also
564  shown in the line chart in each subplot (green and orange lines, respectively). It is clear that
565  the thermodynamic response is dominant and the dynamic response can be ignored. These
566 analyses indicate that the AR structure changes (e.g., larger size) in a warmer climate are
567  mainly due to the higher moisture in a warmer climate that leads to more grids fulfilling the
568 same detection threshold, while the response in the wind field contributes little to the AR
569  structure changes. For the response of landfall IVT (Fig. 14d), the dynamic effect even

570  weakens the landfalling ARs, i.e., the weaker velocity of midlatitude storms in a warmer
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571  climate (e.g., Caballero and Hanley 2012), while the moisture carried by landfalling ARs
572  predominantly increases in a warming climate, and thus their total effect enhances the
573  landfalling ARs.

574

575 6. Conclusions

576 Inthis study, we have presented the statistics of atmospheric river response to global warming
577  inidealized and comprehensive climate models. In particular, we developed a new idealized
578 GCM with Earth-like global circulation and hydrological cycle to simulate the spatial
579  distribution of the ARs and their response to a warming climate. In this idealized model, the
580 mean temperature resembles the observations through relaxation to prescribed equilibrium
581 temperature with an iterative method (Chang 2006; Wu and Reichler 2018), and water vapor
582 and clouds are modeled as passive tracers with cloud microphysics and precipitation
583  processes but without cloud radiative effects or latent heat release (MH18). Despite the
584  simplicity of model physics, this idealized GCM produces qualitatively similar global
585  moisture transport, P-E, and cloud distributions as compared with observations; especially
586  over the extratropics, the model produces remarkable simulations in the dynamical structure
587  of individual ARs, the basic statistical characteristics of ARs and the realistic spatial
588  distributions of AR climatology. This idealized model under uniform tropospheric warming
589  projects robust AR changes in response to global warming similar to the CESM LENS
590 simulations under RCP8.5, including the AR size expansion according to the same detection
591 threshold, intensified landfall moisture transport magnitude, and an increase in AR frequency,
592  which is mainly attributed to the higher moisture with warmer climate (i.e., thermodynamic
593 effect), further improving our confidence in previously reported AR changes under global

594  warming (e.g., Lavers et al. 2015; Payne and Magnusdottir 2015; Warner et al. 2015; Gao et
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595  al. 2016; Hagos et al. 2016; Gershunov et al. 2017; Espinoza et al. 2018; Curry et al. 2019).
596 In addition, the AR frequency shifts poleward with uniform tropospheric warming. We
597  further suggest that this poleward shift is attributed not only to the dynamic effect but also to
598  the thermodynamic effect due to the nonlinear moisture dependence on temperature, with a
599  larger increase in saturation vapor pressure with warming at lower temperatures (e.g., polar
600 regions). The contribution of the local nonlinear effect to the poleward shift in ARs has not
601 been studied yet. This poleward shift is more notable in the South Hemisphere, where
602  observations saw a poleward shift in AR in recent decades, with important implications for
603  the moisture transport into the Antarctic (Ma et al. 2020a).

604

605  These results demonstrate, despite their fine-scale structures, the basic dynamics of ARs in a
606  warming climate can be understood as passive water vapor and cloud tracers without explicit
607  consideration of convections and associated latent heat feedback. In other words, the
608  dominant physical mechanism for atmospheric rivers is the mixing of air mass and moisture
609 along isentropic surfaces associated with large-scale tropospheric weather systems (Chen and
610  Plumb 2014), which also play a major role in the humidity structure of the atmosphere
611  (Galewsky et al. 2005; Wright et al. 2010). This may be a little counterintuitive as latent heat
612  release is often considered as a major source of energy that reinforces the synoptic storm
613  associated with an AR. This may be explained by a recent study on midlatitude extreme
614  precipitation, in which the latent heat feedback is largely canceled by the increased
615  stratification in a warming climate (Li and O’Gorman 2020).

616

617  Although the idealized model simulates the ARs and their responses in changing climate well,

618 care must be taken in generalizing this simple model to some studies of ARs in the real
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619 climate. For example, given some tropical factors, such as Madden-Julian Oscillation (MJO)
620 and El Nino-Southern Oscillation (ENSO), could influence extratropical ARs through
621  atmospheric teleconnections (Guan et al. 2012; Guan and Waliser 2015; Mundhenk et al.
622  2016), the biased simulation over the tropics in the idealized model may limit its capability
623  to model the variability of ARs. In addition, the modeled landfalling ARs are too strong as
624  compared to observations, because of the excessive moisture over the land simulated by the
625  model in which the relative humidity is simply nudged to 100% at the lowest model level. A
626  more realistic evaporation scheme with realistic land-sea contrast is warranted to describe
627  better the landfalling ARs and their impact on the coastal regions.

628

629  Finally, this idealized model provides a new tool for understanding Earth-like global
630 circulation and hydrological cycle on regional scales. Our study has demonstrated that the
631 idealized model can capture many features of atmospheric general circulation, midlatitude
632  storms, and moisture transport in a warming climate. Many idealized models have no explicit
633  hydrological cycle (e.g., Held and Suarez 1994) or unrealistic boundary conditions (e.g.,
634  Neale and Hoskins 2000) and thus cannot simulate realistic spatial distributions of ARs. The
635 new idealized model developed in this study overcomes these limitations and reproduces
636 individual ARs and their climatology well, and thus helps improve our confidence in regional
637  atmospheric moisture transport and AR dynamics in a warming climate.

638

639  Appendix A:

640 The model is supposed to reproduce a temperature field similar to a given reference
641  temperature climatology Tr. Here, Tk is the mean state of the MERRA?2 in 1980-2015 (Wu

642  and Reichler 2018). For an iteration step (i), a model run forced with a T,4(i) produces a time-
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643  mean output temperature field 7(¢). Then we calculate the difference between Z(¢) and Tx and
644  define Tey(i+1) as

645 Teqli+1) =Teqli) — a(T(i) = Tp) (1)

646 to yield T(i +1) closer to Tz @ =2/3 is used here following Chang (2006) to avoid
647  overshooting the optimal T.,. Equation (1) is then iterated until Tu,(n) that yields a T(n)
648  sufficiently close to 7z is generated.

649
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903 Fig.l Zonal mean zonal wind, temperature, relative humidity and mean meridional

904 circulation in the idealized model and observations. (a-b) Zonal mean zonal wind (color
905  shading, m s™') and temperature (contour, K) in Ctrl run and ERAL (c-d) Zonal mean relative
906  humidity (Units: %) and meridional stream function (interval is 1.5x10” kg s™!) simulated in
907  Ctrl run and ERA. The value 0.97(~1.0) at the upper right of (a) is the pattern correlation
908 coefficients between Ctrl and ERAI for zonal mean zonal wind (zonal mean temperature).
909  The value 0.91(0.93) in (c) is that for RH (meridional stream function) between Ctrl and
910 ERAL
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Fig.2 Hydrological cycle in the idealized model and observations. Zonal mean P-E
(precipitation minus evaporation; solid line; mm day!) and horizontal convergence of
moisture transport (dotted line; mm day™) in Ctrl run (red lines) and ERAI (gray lines) are

shown.
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Fig.3 Clouds in the idealized model and observations. (a-b) Cloud fraction (%), (c-d) cloud
liquid (106 kg kg™!), (e-f) cloud ice (10 kg kg™!) simulated in control run and that in ERAL
Weighted centered pattern correlation coefficients between the Ctrl and ERAI are shown at
the upright of (a, ¢, d) for corresponding variables. The red box in (a) marks the tropical
middle-low level clouds produced in this idealized model due to the lack of convection
parameterization. The correlation coefficient in the brackets in (a) shows the pattern

correlation with the exclusion of the red box region.
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Fig.4 An AR case simulated in Ctrl run and a case in observation (ERAI), respectively. (a-b)
Integrated water vapor transport (IVT; kg m™! s™!) vectors (gray arrows; not shown if the
magnitude is smaller than 100 kg m™! s™') and its magnitude (color shading), and integrated
water vapor (IWV; red contours; cm) in Ctrl (a) and ERAI (b). The position of the cross-
sections shown in (c-d) is denoted by the dotted line A-A’ in (a) and B-B’ in (b), respectively.
(c-d) Vertical cross-section perspective, including the core of the water vapor transport in the
atmospheric river (color shading), water vapor mixing ratio (red dotted lines; g kg™') and
cross-section isotachs (blue contours; m s™!) in Ctrl (c) and ERAI (d). The tropopause is

denoted by the black dashed line in (c-d).
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Fig.5 Mean integrated water vapor transport (IVT; kg m™ s!) vector (white arrows) in Ctrl
run (a) and ERAI (b). (c-d) same as (a-b) but for atmospheric river (AR) frequency (%).
Weighted centered pattern correlation coefficients between the Ctrl and ERAI are shown at
the upright of (a, c) for corresponding variables. The correlation coefficient in the brackets
in (a) shows the pattern correlation excluding the tropical region (20°S-20°N; denoted by the

red lines).
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Fig. 6 PDFs of the basic characteristics of ARs in Ctrl run (red) and ERAI (black). (a) Length
of ARs. (b) Width of ARs. (c¢) Latitude of equatorward tip. (d) Latitude of poleward tip. (e)
Direction of mean IVT. (f) Coherence of IVT direction. (g) Magnitude of mean IVT. (h)
Magnitude of landfall IVT. The dashed vertical lines in each panel denote the median (in

case of one red line and one black line) or the median in each hemisphere (in case of two red

lines and two black lines) in Ctrl and ERAI respectively.
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Fig.7 Design of uniform tropospheric warming forcing. (a) Schematic diagram for the
changes to the vertical profile of tropospheric temperature due to global warming. Black line
is an idealized profile of temperature in the troposphere and lower stratosphere. Red line
denotes a uniform warming in the troposphere. Solid and dashed green lines in (a) denote the
tropopause and its elevation due to the tropospheric warming forcing. (b) Equilibrium
temperature (7, units: K) in Ctrl (contour) and the 4K uniform tropospheric warming in 7o,
for the Trop4K run (color shading). Green line shows the position of the tropopause in Ctrl.
The forcings for Trop2K, Torp-2K and Trop-4K experiments were implemented in the model

in a similar way.
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967  Fig. 8 Response of zonal mean temperature, zonal wind, meridional stream function and
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968

969

970

971

972

relative humidity in the Trop4K run (left column) and RCP8.5 in CESM LENS (right
column). The contours denote the corresponding variables in Ctrl run (left column) and
historical simulations in CESM LENS (right column). Green lines denote the tropopause in

their reference states, respectively.
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974  Fig. 9 Responses of P-E in the Trop4K run (red line) and CESM LENS RCP8.5 (gray line).
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Fig.10 Frequency changes of Atmospheric Rivers in response to global warming. (a) AR
frequency (%) in Ctrl (contour) and its response (Trop4k-Ctrl) in Trop4K run (color shading).
(b) AR frequency in historical runs of CESM LENS during 1979-2005 (contour) and its

response in RCP8.5 runs during 2074-2100 (color shading).
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983  Fig.11 Decomposition of the response in AR frequency in Trop4K simulation. (a)
984  Thermodynamic effect. (b) Dynamic effect. (c) Thermodynamic effect due to global mean
985  warming. (d) Thermodynamic response due to local effect. (e) Full response and the sum of
986  the thermodynamic and dynamic effects in zonal mean AR frequency. (f) Thermo Local and
987  dynamic effects in zonal mean AR frequency.
988
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990  Fig. 12 Responses in the PDFs of AR characteristics to global warming in idealized model
991  experiments (left) and CESM LENS outputs (right). (a-b) Length of ARs. (c-d) Width of ARs.
992  (e-f) Coherence of IVT direction of ARs. (g-h) Magnitude of IVT at the landfalling point.
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993  Black indicates the reference state (Ctrl or Hist) and red indicates the warmer climate
994  (Trop4K or RCP8.5). The two dashed vertical lines in each panel denote the median.

995

49

Accepted for publicatiofrin'Journal' of Clinhate-' DO O: 117 5/UCLID<20- 1005 < 08/09/21 06:35 FMUTC



996
997

998

999

1000

1001

1002

(a) idealized model

B —4K( 48.1%)
18 4 2K(30.9%) ——-2K(-32.4%)
= -Ctrl -4K(-56.6%)
12 4
%
6
o 3
90S

(b) CESM LENS
— RCP8.5( 49.9%)

Hsit

90S 60S  30S 0 30N 60N 90N

Fig.13 (a) Zonal mean of AR frequency (%) among a range of climates in idealized
simulations. The AR frequency changes relative to the Ctrl run are shown in legend (the
percentages, calculated as changes divided by reference state). (b) Same as (a) but for that in
CESM LENS. For the tropospheric temperature response in CESM LENS, there is about

4.4K warming in 2074-2100 in RCP8.5 runs compared to 1979-2005 in historical runs.
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Fig.14 Same as Fig.11 but for that in Trop-4K (blue), Trop-2K (green), Ctrl (black), Trop2K
(orange) and Trop4K (red) experiments. The line with colored stars in the line charts in every
panel shows the median changes in sensitivity experiments, respectively. The green line and
orange line in the line charts in each panel show the median changes in dynamic response
and thermodynamic response, respectively. The median changes for each variable are defined
as the differences between the medians in the 5 experiments and the Ctrl. The median changes
with a 4.4K warming in RCP8.5 compared to HIST in CESM LENS are marked as red solid

circles in the line charts.
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1013 Table 1 Model experiments conducted in this study

Exp name Description
| ] | 1

1 Trop4K Forced by an additional uniform 4K warming in the troposphere

2 Trop2K Same as Trop4K but with a 2K forcing

3 Ctrl Control run

4 Trop-2K Same as Trop4K but with a -2K forcing

5 Trop-4K Same as Trop4K but with a -4K forcing
1014
1015
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