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Key Points: 12 

• Andean convective forcing notably reduces Amazonian rainfall at the weather timescale. 13 

• Changes in the moisture budget and thermodynamics drive precipitation responses over 14 

the Amazon. 15 

• Andean east flank descending anomalies propagate eastward and cause vertical 16 

advective drying over the Amazon. 17 

 18 

Abstract 19 

Models from Coupled Model Intercomparison Project Phase 6 produce too much precipitation 20 

over the Andes but too little over the Amazon, or the Wet Andes–Dry Amazon (WADA) bias 21 

pattern. Unlike the conventional view that convection parameterization and land model 22 

deficiencies can contribute to Amazonian rainfall biases, we approach this long-standing biased 23 

model behavior through the lens of Andean convection. Using Community Earth System Model 24 

v1.1 and focusing on the wet season, our mechanism-denial experiments demonstrate that 25 

Andean convection notably reduces precipitation over the Amazon during austral summer. The 26 

Andean forced Amazonian response operates on weather timescale. The reduction of 27 

Amazonian rainfall is detectable within a few hours after initial Andean forcing. The 28 

precipitation response is primarily driven by variations in the moisture budget and is moderated 29 

by changes in convective available potential energy over the Amazon. Changes in the total 30 

advection of moisture over the Amazon are dominated by the vertical advection term and can 31 

be attributed to discrepancies in the dynamic omega field. In the experiments, the Andean east 32 

flank region is scrutinized where the vertical velocity and moisture fields play an intermediary 33 

role for the Andean driven WADA connection. The Andean forcing induces descending 34 
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anomalies on the Andean east flank. The disturbances of wind and geopotential fields over the 35 

Andean east flank propagate eastward via Kelvin waves. Over the Amazon, descending 36 

anomalies and advective drying lead to reduction of mid-to-high level cloud, increase of 37 

shortwave cloud forcing and surface net radiation, enhancement of themodynamic stability and 38 

rainfall reduction. 39 

Plain Language Summary 40 

 41 

Contemporary climate models have biases in simulating precipitation over the South American 42 

region, they produce too much rain over the Andes but not enough over the Amazon. Unlike 43 

previous studies, we investigate this issue from the lens of Andean-driven mechanism by 44 

designing numerical simulations where the impacts of Andean convection can be carefully 45 

studied. The results indicate that Andean convection could suppress precipitation over the 46 

Amazon in the climate model via its effects on moisture advection and atmospheric instabilities. 47 

The Andean-driven mechanism can propagate eastward towards the Amazon via equatorial 48 

wave activities. 49 

 50 

1 Introduction 51 

As the largest terrestrial carbon reservoir, the Amazon rainforest is critical to the climate and 52 

the Earth system. To understand its future, especially as the community approaches an era of 53 

explicitly simulated vegetation, it is crucial for Earth System Models (ESMs) to accurately 54 

capture the physical processes that sculpt the hydrological cycle in Amazonia. A realistic 55 

representation of Amazonian hydroclimate is also instrumental to climate non-locally, as 56 

Amazonian rainfall significantly modulates the hydrological cycle and energy balance globally 57 

(Avissar & Werth, 2005; Lawrence & Vandecar, 2015; Medvigy et al., 2013; Snyder, 2010; Werth 58 

& Avissar, 2002). However, the current understanding of the processes that control Amazonian 59 

rainfall in present and future climate remains incomplete. 60 

 61 

Symptoms of such incomplete understanding are partly reflected in chronic ESM biases; 62 

modern climate models do not simulate rainfall realistically over tropical South America. 63 

Specifically, the multi-model annual mean rainfall from the Coupled Model Intercomparison 64 

Project Phase 5 (CMIP5) suffers from a “Wet Andes–Dry Amazon (WADA)” bias (IPCC, 2014; 65 

Mehran et al., 2014), which is associated with too much surface net radiation, overly high 66 

Bowen ratio over the Amazon, and excessive rainfall along the Intertropical Convergence Zone 67 

(ITCZ) in adjacent oceans, and erroneous interactions among different drivers (Yin et al., 2012). 68 

This WADA bias pattern also stubbornly exists in CMIP6 simulations (IPCC AR6 WGI, Figure 3.13 69 

therein, Eyring et al.). Although Sea Surface Temperature (SST) and its distributions are known 70 

to influence Amazonian hydroclimate (Chen et al., 2018; Fernandes et al., 2015; Yin et al., 71 

2012), the existence of this WADA symptom in CMIP6 simulations following the Atmospheric 72 

Model Intercomparison Project (AMIP) protocol (Figure 1a,b) suggests its non-oceanic sources 73 

of bias and the dryness is accompanied by severe underestimates of lower tropospheric 74 

humidity over the Amazon (Lintner et al., 2017). 75 

 76 
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From the atmospheric perspective, the rainfall dry biases over the Amazon may be partially 77 

caused by model convection treatments. Sakaguchi et al. (2018) showed that wet season 78 

rainfall dry biases over southwestern Amazon are very sensitive to the convective available 79 

potential energy calculation in the deep convection scheme. Based on a short hindcast 80 

approach, Ma et al. (2021) found the wet-season precipitation dry bias over the Amazon in 81 

Community Atmosphere Model v5 (CAM5) is due to severe underestimates of late afternoon 82 

rainfall and nighttime convective regimes in the model, which is mainly caused by convection 83 

parameterization. Unsurprisingly, in the fully coupled Community Earth System Model v1 84 

(CESM v1) large ensemble simulations where CAM5 is the atmospheric component, the Amazon 85 

wet-season negative precipitation bias is also detected (Thome Sena & Magnusdottir, 2020). 86 

Indeed, the wet-season dry bias over the Amazon in CAM5 can be alleviated by optimized deep 87 

convection triggering via using dynamic convective available potential energy and the 88 

unrestricted launch level trigger (Cui et al., 2021; S. C. Xie et al., 2019). In the CESM v2, Meehl 89 

et al. (2020) found that Amazonian wet-season precipitation can be increased via modifications 90 

to increase the sensitivity of deep convection to lower tropospheric humidity in the ZM deep 91 

convection scheme (Zhang & Mcfarlane, 1995). Furthermore, a multitude of cloud-resolving 92 

model simulations with various purposes have demonstrated improvements in Amazonian 93 

hydroclimate. For instance, using the Weather Research and Forecasting (WRF) model with 94 

prescribed large-scale circulation based on weak temperature gradient, the morning fog layer in 95 

the wet-season and associated cloud albedo feedbacks are captured, which contributes to 96 

better representations of the diurnal and seasonal cycles of surface fluxes and precipitation 97 

over the Amazon (Anber et al., 2015); using 2D Cloud-Resolving Models embedded in 98 

traditional General Circulation Model (GCM), cloud super-parameterization is shown to 99 

generally improve the soil moisture – evapotranspiration (ET) relationship and surface 100 

turbulent fluxes (Qin et al., 2018; Sun & Pritchard, 2016) and to reduce the wet-season rainfall 101 

dry bias over southern Amazon with a higher-order turbulence closure scheme (K. Zhang et al., 102 

2017). 103 

 104 

From the terrestrial point of view, Yin et al. (2012) speculated that overly strong ET during the 105 

wet season due to excessive surface net radiation might cause excess soil moisture loss, which 106 

could subsequently cause a scarcity of ET and rainfall in the following dry season. Under the 107 

CESM lineage, K. Zhang et al. (2017) argued that unlike during the wet season, dry season 108 

rainfall dry biases over southern Amazon is largely driven from the land component. Regarding 109 

the wet season rainfall deficit over southwestern Amazon in CESM v1, Sakaguchi et al. (2018) 110 

shows that despite improvements in surface turbulent fluxes, the rainfall biases are not relieved 111 

by replacing Community Land Model version 4 (CLM4) with CLM4.5, suggesting that the biases 112 

might be common in both versions of the land model. 113 

 114 

It is tempting to view the causality connecting Amazonian and Andean rainfall from east to 115 

west, i.e., with the mean flow and moisture transport. This is logical, as the South American 116 

Low-Level Jet (SALLJ) transports massive moisture from the Atlantic Ocean to Amazonia and 117 

then onto the Andes during austral summer. In other words, the SALLJ is a direct contributor to 118 

precipitation. In fact, the rainfall maximum at the Peruvian Andes–Amazon transition is found 119 

right at the height of around 1000m, at the level where the SALLJ peaks (Chavez & Takahashi, 120 
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2017). Interesting positive feedbacks accompany this east-to-west moisture transport. For 121 

example, latent heat release from precipitation over the Amazon helps strengthen the 122 

atmospheric heating gradient between the Amazon and the tropical Atlantic Ocean, which can 123 

further enhance the moisture inflow (Boers et al., 2017; Kooperman et al., 2018). The argument 124 

of using SALLJ moisture transport to understand Andean and Amazonian rainfall is evident in 125 

studies focusing on climate of the past, present, and future. During the Last Glacial Maximum, 126 

the strengthening of the Amazon-to-Andes moisture transport was found responsible for 127 

rainfall enhancement over Peruvian and Bolivian Andes and large-scale drying over the Amazon 128 

(Vizy & Cook, 2007). In the more recent historical climate, overly weakened low-level flow into 129 

southern Amazonia is significantly correlated with the underestimation of rainfall during wet 130 

seasons among CMIP5 models (Barros & Doyle, 2018). With elevated CO2 levels in future 131 

climate, the physiological response of Amazon rainforests drives a similar WADA response of 132 

rainfall (Kooperman et al., 2018) related to transport of moisture and Moist Static Energy (MSE) 133 

by the SALLJ (Langenbrunner et al., 2019). 134 

 135 

Contrastingly, we focus on an alternate hypothesis – that some of the causality connecting the 136 

Andes and Amazon may flow in the reverse direction, i.e., from west-to-east against the mean 137 

flow. This hypothesis is intriguingly consistent with close links between Andean orography, 138 

SALLJ formation, and Amazon rainfall that are well established (Insel et al., 2010; Rasmussen & 139 

Houze, 2016) in regional modeling experiments. In CMIP6 models, the 500hPa Omega and 140 

humidity fields on the Andean east flank have significant correlation with Amazonian 141 

precipitation (Figure S1, Text S1). This implies a possible west-to-east control mechanism driven 142 

by Andean convection. The purpose of this article is to answer the question: can the WADA 143 

phenomenon be driven from the Andean side (rather than the Amazonian side)? In particular, 144 

whether or not Andean convection is capable of notably changing Amazonian rainfall, and if so, 145 

to understand the relevant mechanisms. By testing this hypothesis, we aim to better 146 

understand the role of orographic Andean convection on rainfall over tropical South America. 147 

Unlike regional modeling studies (Anber et al., 2015; Insel et al., 2010; Rasmussen & Houze, 148 

2016), or CMIP5/CMIP6 studies (Baker & Spracklen, 2022; L. H. Li et al., 2018; Z. Li et al., 2022; 149 

Lintner et al., 2017; Mueller & Seneviratne, 2014; Yazdandoost et al., 2021; Yin et al., 2012), 150 

which heavily rely on diagnostic measures, we will use a global model to conduct causatively 151 

unambiguous sensitivity experiments. This will enable statistical detection and reliable 152 

investigation of the effects of Andean convection on Amazonian rainfall. 153 

 154 

This article is structured as follows. Section 2 will briefly describe the methods and data to 155 

untangle and understand the effects of Andean convection on Amazonian precipitation, 156 

including experiment design, moisture budget analysis and decomposition of moisture 157 

advection. In Section 3, we examine diurnal features of precipition in the control simulation, 158 

Andean convective forcing characteristics, responses of Amazonian precipitation, and multiple 159 

perspectives to understand the underlying mechanisms. Section 4 depicts the Andean forced 160 

eastward field expansions towards the Amazon. Discussions are provided in Section 5. We 161 

summarize our results with conclusions in Section 6. 162 

 163 
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2 Data and Methods 164 

2.1 Experiment design 165 

To investigate the role of Andean convection on Amazonian rainfall, we conduct two groups of 166 

simulations using CESM v1.1.1 with the F_AMIP_CAM5 compset. All simulations use the finite 167 

volume dynamical core at 1.9°x2.5° (f19_g16) horizontal resolution and 30 vertical levels with 168 

prescribed sea surface temperature and sea ice (i.e., AMIP-style). The simulations employ the 169 

standard “CAM5” physics parameterization suite. The deep convection parameterization 170 

follows Zhang and Mcfarlane (1995) with modifications from Richter and Rasch (2008) and 171 

Raymond and Blyth (1986, 1992); the shallow convection scheme uses the University of 172 

Washington shallow convection scheme following Park and Bretherton (2009); cloud 173 

microphysics based on Morrison and Gettelman (2008) with updates from Gettelman et al. 174 

(2010) and cloud macrophysics are from Park et al. (2014); radiative transfer calculations are 175 

given by the Rapid Radiative Transfer Method for GCMs, known as the RRTMG (Iacono et al., 176 

2008; Mlawer et al., 1997). Aerosol concentration data is prescribed with cyclic values of the 177 

year 2000. 178 

(1) CTR group: An AMIP-type simulation of Austral summer (Dec-Jan-Feb; DJF) of the year 1989-179 

2008. The CTR group consists of 20 sets of simulations, each initialized on Nov 21st, with the 180 

first ten days discarded as spin-up. 181 

(2) TOPO group: A sensitivity test ensemble, in which we artificially shut down the temperature 182 

tendency from parameterized deep, shallow convection, cloud microphysics, and cloud 183 

macrophysics over the Andean topography (methods described below). Each TOPO simulation 184 

lasts ten days with hourly output frequency and is branched off from the CTR simulation at 10-185 

day increments starting from Dec 1st midnight UTC. For example, 1st TOPO simulation: 186 

12/01/1989 – 12/10/1989, 2nd TOPO simulation: 12/11/1989 – 12/20/1989, 3rd TOPO 187 

simulation: 12/21/1989 – 12/30/1989, …, last TOPO simulation: 02/19/2009 – 02/28/2009. This 188 

strategy results in a 180-member (9-member per DJF) ensemble of paired 10-day hindcasts – 189 

differences between the ensemble mean of CTR and TOPO will isolate the effects of Andean 190 

convection with statistical clarity. The hindcasts are chosen to be 10 days because (a) earlier 191 

pilot test indicates that the Andean driven response over the Amazon has a timescale 192 

dependence, and (b) we want a larger number of CTR vs. TOPO comparisons within the limit of 193 

computational resources. 194 

 195 

It is worth noting that our experiments design hinges on branching off with mechanism denial, 196 

we call each CTR and corresponding branched-off TOPO simulation as one ensemble-member-197 

pair. In this context, the notion of ensemble differs from the typical forecasting ensemble 198 

whose purpose is to sample atmospheric chaos by perturbing initial conditions or changing 199 

model parameters/configurations. 200 

 201 

The mechanism denial in the TOPO group is restricted geographically based on topographic 202 

height using a ramp function (Figure 2). We divide the surface geopotential height by the 203 

gravitational acceleration constant to compute surface topography height. At each model time 204 

step, we apply the ramp function to modulate the temperature tendency calculated by the 205 

deep, shallow convection schemes, cloud macrophysics, and microphysics packages. Full 206 
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heating (no denial) is allowed at low elevations (h< 500). We linearly decrease the calculated 207 

temperature tendency in proportion to local topography when approaching higher elevations 208 

(500𝑚 ≤ ℎ < 600𝑚), until reaching complete denial of parameterized temperature tendency 209 

where ℎ ≥ 600𝑚. We use 500 and 600 meters to apply the ramp function because the 210 

corresponding applied area roughly covers the positive precipitation bias area over the Andes. 211 

 212 

The reasons for conducting only wet-season (DJF) simulations are trifold. First, Andean annual 213 

rainfall mostly comes from its wet-season contribution based on satellite observations (Chavez 214 

& Takahashi, 2017). Therefore, the effects of Andean convection on Amazonian rainfall during 215 

austral summer are easier to detect than during other seasons. Second, it is during the wet 216 

season that CAM5, the atmospheric component of CESM, is known to produce the strongest 217 

rainfall deficit over southern Amazon (K. Zhang et al., 2017). Lastly, although the dry bias also 218 

exists during the dry season (June-July-Aug; JJA) in CESM v1, this is more likely to be caused by 219 

deficiencies in the land (Sakaguchi et al., 2018; K. Zhang et al., 2017), as opposed to the 220 

atmosphere component we are interested in. Similar to other CMIP6 models, the CESM v1.1 we 221 

used in our experiments has a similar WADA precipitation bias pattern during austral summer 222 

(Figure 1c,d). 223 

2.2 Moisture budget analysis 224 

2.2.1 Total advection of moisture 225 

The local rate of change in specific humidity is calculated as 226 

𝑄𝑡 =
𝑄𝐴𝑃(𝑡)−𝑄𝐴𝑃(𝑡−1)

𝛿𝑡
                                                   (2.1) 227 

where QAP is the specific humidity after calculations of physics packages, 𝛿𝑡 is the time interval 228 

between two timestamps t and t-1. 229 

The total advection of specific humidity is obtained by 230 

𝑄𝑎𝑑𝑣 = 𝑄𝑡 − 𝑃𝑇𝐸𝑄                                                       (2.2) 231 

where PTEQ is the tendency of specific humidity calculated by physics packages at the 232 

corresponding time interval. 233 

2.2.2 Decomposition in the total advection of moisture 234 

On the other hand, the total advection of specific humidity can be estimated using gradient 235 

terms. The total advection of specific humidity can be written as 236 
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−𝒖
𝝏𝒒

𝝏𝒙
− 𝒗

𝝏𝒒

𝝏𝒚
− 𝝎

𝝏𝒒

𝝏𝒑
                                                   (2.3) 237 

with the continuity equation 238 

𝝏𝒖

𝝏𝒙
+

𝝏𝒗

𝝏𝒚
+

𝝏𝝎

𝝏𝒑
= 𝟎                                                          (2.4) 239 

the total advection of specific humidity can be written as 240 

−𝒖
𝝏𝒒

𝝏𝒙
− 𝒗

𝝏𝒒

𝝏𝒚
− 𝝎

𝝏𝒒

𝝏𝒑
− 𝒒(

𝝏𝒖

𝝏𝒙
+

𝝏𝒗

𝝏𝒚
+

𝝏𝝎

𝝏𝒑
)  241 

or 242 

− (𝒖
𝝏𝒒

𝝏𝒙
+ 𝒗

𝝏𝒒

𝝏𝒚
) − 𝝎

𝝏𝒒

𝝏𝒑
−  𝒒 (

𝝏𝒖

𝝏𝒙
+

𝝏𝒗

𝝏𝒚
) − 𝒒

𝝏𝝎

𝝏𝒑
                                   (2.5) 243 

2.2.3 Differences of vertical moisture advection 244 

The difference of the vertical advection of specific humidity between CTR and TOPO group can 245 

be written as  246 

〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹 − 〈−𝝎

𝝏𝒒

𝝏𝒑
〉𝑻𝑶𝑷𝑶 247 

or 248 

〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶                                                     (2.6) 249 

where the brackets represent vertical integral. This term can be further decomposed into three 250 

terms (see Text S2) as follows 251 

〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 =  − 〈𝝎𝑻𝑶𝑷𝑶 [

𝝏𝒒

𝝏𝒑
]

𝑪𝑻𝑹−𝑻𝑶𝑷𝑶
〉 − 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [

𝝏𝒒

𝝏𝒑
]

𝑻𝑶𝑷𝑶
〉 −252 

〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [
𝝏𝒒

𝝏𝒑
]

𝑪𝑻𝑹−𝑻𝑶𝑷𝑶
〉                                   (2.7) 253 

2.3 Other datasets 254 

Besides model outputs of our sensitivity experiments, we also use Global Precipitation 255 

Climatology Project (GPCP) v2.3 (R. F. Adler et al., 2003; Robert F. Adler et al., 2018; G. J. 256 

Huffman et al., 2009), Tropical Rainfall Measuring Mission (TRMM) 3B42 dataset v7 (George J. 257 

Huffman et al., 2010), ERA5 Reanalysis (Hans et al., 2019; Hersbach et al., 2020), 39 models 258 

(Table S1) from the CMIP6 (Eyring et al., 2016; Z. Li et al., 2022) AMIP simulations, Atmospheric 259 

Infrared Sounder (AIRS) v7.0 (Kahn et al., 2014; B. Tian et al., 2020; B. J. Tian et al., 2013) 260 

datasets for auxiliary analysis. 261 
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3 Responses of Amazonian rainfall to Andean convective heating 262 

In this section, we first present baseline diurnal cycle features of precipitation in the control 263 

simulation and characteristics of Andean convective forcing in CESM, then demonstrate the 264 

effects of Andean convective forcing on non-local Amazonian rainfall, and finally test multiple 265 

hypotheses to understand the relevant processes and mechanisms. 266 

3.1 Diurnal features of precipitation in the control simulation 267 

Figure 3 presents the diurnal cycle phase and amplitude from the first harmonic of total 268 

precipitation in TRMM and CTR simulation during austral summer. TRMM depicts an early 269 

morning peak of precipitation over the ocean and a late-afternoon peak over land. Over the 270 

Amazon, TRMM clearly indicates late-afternoon peak in the diurnal cycle of precipitation, but 271 

convection occurs shortly after noon in the CTR simulation. This model bias is also seen in Cui et 272 

al. (2021) where this symptom can be alleviated by optimized deep convection triggering via 273 

using the dynamic convective available potential energy and the unrestricted launch level 274 

trigger (S. C. Xie et al., 2019). Admittedly, the diurnal cycle over the Amazon involves higher 275 

harmonics as well (Ruiz-Hernández et al., 2021). 276 

3.2 Characteristics of Andean forcing 277 

Figure 4 reviews the spatial and temporal structure of Andean convective forcing in the CTR 278 

group, which is necessary context for interpreting the consequences of its denial in the TOPO 279 

group. An equatorial (5°S-5°N) Hovmöller diagram (Figure 4a) of the composite diurnal rainfall 280 

cycle illustrates the afternoon maxima over the continental interior (east of 75°W) and 281 

nocturnal oceanic maxima (west of 75°W). A similar phenomenon has been noticed by Mapes 282 

et al. (2003) from satellite observations. The Andean forcing maximizes around local afternoon 283 

at 75°W (Figure 4a), and it exhibits a robust diurnal cycle approximately in phase with the 284 

diurnal cycle of rainfall in the CTR group. Its vertical structure reveals heating in the middle 285 

troposphere and cooling in the lower levels (Figure 4b). The horizontal structure of the 286 

vertically integrated Andean forcing (Figure 4c) shows decent alignment with Andean 287 

orography with peak net heating equatorward of 20°S (Figure 4c). 288 

3.3 Responses of precipitation over the Amazon 289 

In the following analysis, for physical interpretability, we will focus on the CTR-minus-TOPO 290 

anomalies since this can be regarded as a proxy for mechanisms associated with including the 291 

effects of Andean convective heating. 292 

 293 

Our working hypothesis of remote control by Andean convection on Amazonian rainfall is 294 

confirmed, and its timescale is revealed in Figure 5c. During the 120 hours, the CTR group has 295 

five complete diurnal cycles with rainfall peaks reaching around 9 mm/day at local afternoon 296 

(Figure 5b). Comparing to TRMM, The CTR simulation has too early peaks of rainfall in its 297 

diurnal cycle (consistent with Figure 3) and the rainfall amount is severely underestimated. 298 

Amazonian precipitation is reduced as a response to Andean forcing in the first few days. and 299 

such reduction tapers off during nighttime after 48 hours (Figure 5c). Although the rainfall 300 

reduction maximum averaged over the Amazon box reaches around -1 mm/day, the reduction 301 
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due to the Andean convection can reach 3 mm/day regionally (Figure 5a), which is comparable 302 

to the baseline wet-season dry bias in CESM (Figure 1c). The experiment setup and the short 303 

temporal scale Amazonian precipitation responses suggest that it is through fast atmospheric 304 

processes that such Andes–Amazon connection operates. As an aside, we note that local to the 305 

Andes, latent heat release enhances precipitation (Figure 5a, blue shading), which is expected 306 

since condensational heating can help strengthen a local convective cell (Holton, 2004). This 307 

answers our question raised in the introduction that parts of the WADA bias pattern can be at 308 

least partially driven from the Andes. Furthermore, after the first 2-3 days, the experiment 309 

suggests that internal variability of simulated atmosphere produces uncertainties as seen by 310 

the increasing spread in the simulations (Figure 5c) and the differences between CTR and TOPO 311 

experiments are indistinguishable from zero amongst 180 ensemble members (Figure S2). We 312 

will limit our analysis to the first 72 hours hereafter since this is when the experiment 313 

interference signals are not swamped by uncertainties and noise innate to atmospheric chaos 314 

(Lorenz, 1963). 315 

3.4 Mechanisms of precipitation responses over the Amazon 316 

In this section, we try to understand precipitation responses over the Amazon from the lenses 317 

of Convective Available Potential Energy (CAPE), the moisture budget, near-surface Moist Static 318 

Energy (MSE), and the mechanics of Gross Moist Stability (GMS).  319 

Overall, based on the temporal evolution in precipitation responses over the Amazon, we find 320 

that the total advection of moisture provides a first-order control with a secondary impact from 321 

CAPE, while other mechanisms (e.g., MSE, GMS; Text S3, Text S4, Figure S3) are unable to 322 

explain the Amazonian precipitation changes. 323 

First, we examine the role of CAPE. The deep convection scheme formulation is based on CAPE, 324 

the CTR-minus-TOPO precipitation response is dominated by convective component rather than 325 

large-scale component (Figure S4). In Figure 6d (also in Figure S5), there is significant reduction 326 

of CAPE over the Amazon after the 10th hour, especially during the 20th-60th hours, which 327 

suppresses deep convection and rainfall. This reduction of CAPE is linked to the boundary layer 328 

drying, which reduces dew point temperature and CAPE (Figure 6a latent static energy curve), 329 

as similarly mentioned in Langenbrunner et al. (2019). Nonetheless, this CAPE reduction is 330 

overall quite stable between 20th and 60th hour, a characteristic which is unable to explain 331 

near-zero response of Amazonian precipitation during 58-60th hours. On the other hand, the 332 

impact of Andean forcing on convective inhibition (CIN) is non-monotonic and it can not explain 333 

Amazonanian precipitation responses (Figure S6). 334 

Next, we diagnose the moisture budget over the Amazon to show the dominant influence from 335 

the total advection of moisture. The local rate of change in moisture is balanced by moisture 336 

changes due to physics package calculations and the total advection of moisture (Figure 6c). In 337 

the CTR-minus-TOPO moisture budget (Figure 6c), during 1st-50th hours, 63th-70th hours, total 338 

advection of moisture decreases. During a similar period, precipitation also decreases and 339 

reaches a local minima (Figure 6h). However, during the 50th-63th hours, despite increases of 340 

total advection of moisture, precipitation is still moderately reduced over the Amazon except 341 
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for a near-zero value around 58th-60th hours. This contradiction can be reconciled by 342 

considering the CAPE reduction. We speculate during 50th-63th hours, the effects of CAPE 343 

reduction dominate the effects of advective moistening on precipitation over the Amazon. As a 344 

result, rainfall is reduced despite the concurrent increase in total advection of moisture. 345 

Furthermore, the vertical advective term drives the differences in the total advection of 346 

moisture. Based on (2.5), we decompose the total advection of specific humidity into four 347 

terms, the horizontal advective term − (𝒖
𝝏𝒒

𝝏𝒙
+ 𝒗

𝝏𝒒

𝝏𝒚
), the divergence term − 𝒒 (

𝝏𝒖

𝝏𝒙
+

𝝏𝒗

𝝏𝒚
), the 348 

vertical advective term −𝝎
𝝏𝒒

𝝏𝒑
, and the vertical Omega gradient term−𝒒

𝝏𝝎

𝝏𝒑
. This decomposition 349 

is shown in Figure 6e. Please be aware that this way of calculating total advection on model 350 

outputs is prone to be erroneous and needs to be carefully handled (e.g., to avoid unnecessary 351 

vertical interpolation from hybrid to pressure coordinates, we use spherical harmonics to 352 

estimate gradients). For validation and comparison, the more accurate moisture total advection 353 

calculation based on (2.1) and (2.2) are shown in Figure 6f. The resemblance of the total 354 

advection curves based on these two methods in Figure 6f justifies the decomposition results 355 

calculated using gradient terms. On one hand, the divergence term (yellow) is always in balance 356 

with the vertical Omega gradient term (red) due to the continuity equation (2.4). On the other 357 

hand, the horizontal advective term (blue) is negligible compared to the other terms. Therefore, 358 

the total advection as the sum of the four components is mostly determined by the vertical 359 

advective term −𝝎
𝝏𝒒

𝝏𝒑
. 360 

Moreover, differences in the vertical advective term between CTR and TOPO are mainly driven 361 

by differences in the vertical velocity field. The vertical advective term difference between CTR 362 

and TOPO group 〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶(blue curve in Figure 6g) can be decomposed via equation 363 

(2.7) into − 〈𝝎𝑻𝑶𝑷𝑶 [
𝝏𝒒

𝝏𝒑
]

𝑪𝑻𝑹−𝑻𝑶𝑷𝑶
〉 (yellow curve), − 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [

𝝏𝒒

𝝏𝒑
]

𝑻𝑶𝑷𝑶
〉 (green curve), and 364 

− 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [
𝝏𝒒

𝝏𝒑
]

𝑪𝑻𝑹−𝑻𝑶𝑷𝑶
〉 (red curve). The differences of the vertical advective term 365 

〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 is driven by − 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [

𝝏𝒒

𝝏𝒑
]

𝑻𝑶𝑷𝑶
〉, or differences of vertical velocity field 366 

between CTR and TOPO group, revealing the importance of the vertical dynamic field. In 367 

addition, the vertical gradient of specific humidiy in the TOPO group also plays a role. 368 

The moisture distribution decreases with height in the TOPO group (Figure S7), it is a positive 369 

term in pressure coordinate. There are descending anomalies over the Amazon in the CTR-370 

minus-TOPO (see section 4), which leads to positive 𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶. Therefore, the total effect is 371 

negative in this term − 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [
𝝏𝒒

𝝏𝒑
]

𝑻𝑶𝑷𝑶
〉, meaning stronger descending anomalies bring 372 

negative vertical moisture advection that reduces humidity in free troposphere and boundary 373 

layer. The entrainment drying effect at the boundary layer is reflected by the reduced lower-374 

level latent static energy 𝑳𝒗𝒒 as shown in Figure 6a. Over the Amazon, the descending 375 

anomalies also reduce cloud fraction above 600hPa (Figure 7), leading to increase of shortwave 376 
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cloud forcing (Figure S8). As a result, the surface net radiation increases in CTR-minus-TOPO 377 

driven by the elevated shortwave component (Figure S9). 378 

In summary, the Amazonian precipitation responses can be explained by (a) differences of 379 

moisture vertical advection term 〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 driven by − 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [

𝝏𝒒

𝝏𝒑
]

𝑻𝑶𝑷𝑶
〉, and (b) 380 

modulation of CAPE differences between CTR and TOPO. 381 

4 Eastward expansion features 382 

In section 3.4, we have shown that the vertical advective term 〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 is a first-order 383 

control on reductions of the total advection of moisture that is in turn implicated via its 384 

timescale of onset with the precipitation changes of interest. This view is corroborated when 385 

we examine a 10°S latitude transect (Figure 8). Initially, only on the east flank of the Andes can 386 

the strong subsidence anomalies be found. Then, the horizontal scale of the sinking anomalies 387 

expands eastward progressively (Figure 8a-d) with a concurring expansion of drying in the 388 

troposphere (Figure 8e-h). Consistently, in the middle troposphere, the vertical velocity 389 

anomalies gradually progress eastward during the 4-11th hours with the subsequent eastward 390 

stride of reduced specific humidity with a few hours lag (Figure S10). The eastward propogation 391 

feature with 850hPa geopotential height is related to Kelvin waves (Figure 9). 392 

In Figure 8, we see there vertical motion and humidity dipoles in the lowermost troposphere 393 

over the Andes. We think that the CTR-minus-TOPO distills the effect of condensational heating 394 

(upper troposphere, warmer temperature in Figure 8a-d) and re-evaporative cooling (lower 395 

troposphere, cooler temperature in Figure 8a-d). In Figure 8, at hour 4 and 7, the vertical winds 396 

are upward anomalies in those blue blobs. At later hours (10, 13), there are descending 397 

anomalies in those blue blobs which might be caused by cooling. In the humidity dipole in 398 

Figure 8f-h, the CTR has massive precipitation occurring over the Andes (likely implies a close-399 

to-saturated troposphere), and the temperature tendency changes lead to a more (less) humid 400 

environment with warming (cooling) temperature tendencies dictated by the Clausius-401 

Clapeyron relationship under saturated conditions. Furthermore, the increase of humidity in 402 

the near-surface level can result from precipitation and re-evaporation, while the reduction of 403 

humidity near 700mb and increase above may be due to enhanced vertical transport of 404 

moisture by parameterized convection and resolved transport in CTR simulation.  405 

5 Discussion 406 

Our experiment setup leads to enhanced SALLJ in CTR compared with TOPO (Figure 10), the 407 

resulting elevated Andean precipitation and suppressed rainfall over Amazon seems consistent 408 

with findings in ancient climate by Vizy and Cook (2007). Interestingly, we can weaken the LLJ 409 

by denying the latent heat release from convection activities over the Andes, which is similar to 410 

lowering the Andean topography as shown in earlier studies (Insel et al., 2010; Rasmussen & 411 

Houze, 2016). Figure S11 also indicates that Andean convective forcing can cause weakened 412 

moisture flux convergence over the Amazon. 413 

 414 
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Moreover, we expect the Andean-driven contribution will vary for different models. It could be 415 

non-trivial for some models but not for others. From the CMIP6 model analysis, preliminary 416 

evidence implies that the Andean driven contribution is likely to be non-dominant when all 39 417 

models are considered given the absence of negative correlation between Andean precipitation 418 

bias and Amazonian precipitation bias (Figure S12). 419 

 420 

Regarding the resolution dependence of our results, we noticed that in Hsi-Yen Ma et al. (2021), 421 

CAM5 on 0.9°x1.25° grids also show this WADA bias pattern. While our results are based on 422 

nominal 2-degree grids, we don’t expect the results to change qualitatively since the root cause 423 

of errors in calculating pressure gradient force is inherently borne out of the “dynamics” near 424 

steep topographies which also exists in 0.9°x1.25° grids. In another evaluation study of the 425 

atmospheric component of the Energy Exascale Earth System Model (E3SM) v1 (Golaz et al., 426 

2019), the dipole pattern of precipitation bias along elevated terrains (e.g., Wet Andes and Dry 427 

Amazon, Wet Rockies and Dry central US, Wet Himalayas and Dry Bangladesh) is present in 428 

both the standard resolution (x = 110km) and high-resolution (x = 25km) and thus is a robust 429 

feature which is not alleviated due to higher resolution (Caldwell et al., 2019). Following the 430 

E3SM lineage, improved precipitation over Amazon is found with a global cloud-resolving 431 

atmospheric model SCREAM (Caldwell et al., 2021) at 3.25km horizontal resolution likely due to 432 

better resolved convection and more realistic topography. The WADA bias pattern exists not 433 

only in E3SM v1 but also in its version 2 as seen in Figure 13 in Golaz et al. (2022). By using 434 

optimized deep convection triggering via dynamic convective available potential energy and 435 

unrestricted launch level trigger, the diurnal cycle and dry bias of precipitation over the Amazon 436 

can be improved in both E3SM (S. Xie et al., 2019) and CAM5 (Cui et al., 2021). 437 

6 Summary and conclusion 438 

Motivated by the systematic WADA precipitation bias pattern seen in the CMIP6 archive over 439 

tropical South America, we design mechanism denial experiments to surgically isolate the 440 

effects of Andean convective forcing on Amazonian precipitation processes. Based on an 441 

ensemble hindcast approach, we illustrate that Amazonian precipitation is notably reduced 442 

within hours after initial Andean convective forcing, and examine its causality. The magnitude 443 

of rainfall reduction over certain parts of the Amazon can reach beyond 3 mm/day, which is 444 

comparable to the magnitude of CMIP6 rainfall deficit biases during wet-season. The 445 

precipitation decrease over the Amazon is primarily controlled by the total advection of 446 

moisture driven by the vertical advective term −𝜔
𝜕𝑞

𝜕𝑝
 and is also affected by local CAPE 447 

reduction. Differences in the vertical advective term between CTR and TOPO group 448 

〈−𝜔
𝜕𝑞

𝜕𝑝
〉𝐶𝑇𝑅−𝑇𝑂𝑃𝑂 are traced to differences of vertical velocity between two groups. In a 449 

nutshell, the evidence suggests that heating from Andean convection initially induces strong 450 

subsidence anomalies on its east flank, which then gradually expands eastward towards the 451 

Amazon basin which is linked to Kelvin waves. As a consequence of vertical advective term, a 452 

similar eastward expansion of tropospheric drying is easily visible and detectable on a similar 453 

horizontal length scale. In CTR-minus-TOPO, the stronger descending anomalies bring negative 454 

vertical moisture advection that reduces humidity in free troposphere and boundary layer. This 455 
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leads to reduced mid-to-high level cloud and increased thermodynamic stability over the 456 

Amazon. 457 

 458 

Another question to answer is how much dry precipitation bias over the Amazon can be 459 

explained by the Andean-driven mechanisms as opposed to other error sources such as 460 

atmospheric convection parameterization, land processes, oceanic influence. One possible 461 

route to address this question is to apply 20%, 40%, 60%, 80%, and 100% of the temperature 462 

tendency denial and examine if the Amazonian response shows linear behaviors to the 463 

magnitude of Andean forcing. If confirmed, the Andean wet-bias equivalent of convective 464 

heating can be proportionally translated into precipitation reduction response over the 465 

Amazon. We can then divide such precipitation reduction by the total rainfall dry bias over the 466 

Amazon. This will give an estimate about how much Amazonian precipitation dry bias is 467 

contributed by the Andean-driven mechanism. Another approach is to design heating tendency 468 

denial along the Andes with magnitude comparable to the Andean precipitation wet bias as 469 

opposed to the full-denial in the current experiment set-up. These two approaches are 470 

potential avenues for follow-up research. 471 

 472 

There is caveat on the mechanism-denial experiments. The purpose in designing this 473 

experiment is to causatively determine the effects of Andean convective forcing on Amazonian 474 

rainfall. To achieve this, we first have a full-fledged CTR group simulation, and then have a 475 

second TOPO group in which we numerically mute the convective forcing over mountainous 476 

terrains. By comparing these two groups of simulations, we can seperate the effects of Andean 477 

convective forcing on Amazonian rainfall. The tradeoff of such experiment design is the 478 

violation of energy conservation. Simulations in the second TOPO group allow precipitation to 479 

occur but disallow latent heat release from condensation over Andean topography. The 480 

interference in the TOPO group inevitably means the annihilation of the latent heat energy 481 

encapsulated in precipitation. We readily admit that our idealized mechanim denial 482 

experiments are simply a pragmatic way to probe the system’s feedbacks to identify how 483 

Amazonian rainfall responds to the latent heat release from Andean convection and how the 484 

system adapts to such disturbances, whose results are beneficial to gain insights about the 485 

dynamics within the system despite such imperfections in experiment design. Indeed, we focus 486 

on the first few days in our analysis, during which the disturbances should be primarily driven 487 

by local Andean latent heating, and the effect of energy conservation violation is presumably 488 

limited. Another caveat is that our experiments were run using an older version of CESM. 489 

Although we do not expect the main results to change qualitatively in newer version of the 490 

model, the magnitude of the Andean-driven Amazonian response might differ slightly. 491 

 492 

Despite aforementioned limitations, our study is enlightening in the following aspects. 493 

First, our results confirm a previously underappreciated effect of remote Andean control on 494 

Amazonian precipitation at weather timescale. The weather timescale of Andean driven 495 

Amazonian precipitation responses provides complementary insights to the hindcast approach 496 

in developing and improving convection parameterizations (H.-Y. Ma et al., 2015; H.-Y. Ma et 497 

al., 2013; Phillips et al., 2004). The hindcast idea is realistically initializing climate models with 498 



An edited version of this paper was published by AGU. Published (2025) American Geophysical Union. 

Qin, H., Pritchard, M., Terai, C. R., Bacmeister, J., Bogenschutz, P., & Kiladis, G. N. (2025). Remote influence of 

Andean convection on Amazonian rainfall and its mechanisms. Journal of Geophysical Research: Atmospheres, 

130, e2025JD043465. https://doi.org/10.1029/2025JD043465 

 14 

numerical weather prediction analyses or reanalyzes data, during the short hindcast period 499 

within a few days, the large-scale state is still close to observations and thus the model biases in 500 

clouds and convection processes are largely attributed to errors in parameterizations. As a 501 

result, lessons learned from climate model hindcasts could help aid convection 502 

parameterization developements. Our present study illustrates that over tropical South 503 

America, part of precipitation biases on such short timescale comes from the “dynamics” part 504 

in the model, which is likely associated with pressure gradient force errors inherited from 505 

dynamic solvers near steep topographies rather than parameterized “physics”. Efforts to 506 

improve cloud parameterizations will certainly be helpful to relieve the precipitation bias over 507 

the Amazon. However, our results imply that improvement in cloud parameterizations alone is 508 

insufficient to eliminate the precipitation bias over the Andes-Amazon region. 509 

Second, our sensitivity experiment emphasizes the role of mid-tropospheric vertical velocity 510 

and moisture field for the Andean convective forcing to exert influence on Amazonian rainfall. 511 

For model evaluators who are keen on Amazonian hydroclimate, we suggest incorporations of 512 

Andean east flank dynamical and moisture field into their model evaluation strategy. 513 

Finally, our study underscores the importance of looking at the Andes-Amazon holistically, and 514 

the Andes-Amazon ought to be assessed together in climate change studies. In a warmer 515 

climate, Amazonia is projected to experience decrease of rainfall (Pascale et al., 2019), a 516 

strengthening and lengthened dry season (Joetzjer et al., 2013), more frequent and 517 

exacerbated meteorological droughts (Duffy et al., 2015). Our sensitivity study suggests that 518 

future changes of Andean convection and precipitation may influence Amazonian hydroclimate 519 

through intricate feedbacks. For instance, a decrease or increase of Andean rainfall in the 520 

future (Neukom et al., 2015; Seiler et al., 2013; Urrutia & Vuille, 2009) might alleviate or 521 

exacerbate the rainfall deficits over the Amazon. Missing the Andean component in Amazonian 522 

hydroclimate projections in the future will weaken the reliability of local mitigation and 523 

adaptation strategies. 524 
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Simulation outputs from control and experiment groups are accessible via NERSC Science Gateway portal 532 

(WADA, 2024). Global Precipitation Climatology Project (GPCP) version 2.3 is available at Adler et al. (2018). 533 

Tropical Rainfall Measuring Mission (TRMM) 3B42 dataset version 7 is available at Huffman et al. (2010). 534 

ERA5 Reanalysis is available at Hersbach et al. (2020). CMIP6 AMIP simulations are available at ESGF (2024). 535 

Atmospheric Infrared Sounder (AIRS) version 7.0 is available at Tian et al. (2020). 536 

 537 
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 913 

Figure Captions 914 

 915 

Figure 1. (a) Comparing to Global Precipitation Climatology Project (GPCP) v2.3 (R. F. Adler et 916 

al., 2003; G. J. Huffman et al., 2009), 1989-2008 annual mean rainfall biases of the multi-model-917 

mean of 39 models in the AMIP-type simulations of CMIP6 archive (see Table S1). Units: 918 

mm/day. (b) Similar to (a) but for Dec-Jan-Feb (DJF) months only. (c) Relative to GPCP v2.3, 919 

1989-2008 DJF mean rainfall bias in the CESM v1.1 control simulation. The Amazon box in red 920 

(64°W-50°W, 14°S-0°) represents an area with large dry bias of precipitation. (d) Control 921 

simulation 1989-2008 DJF mean rainfall. Units: mm/day.  922 

 923 

Figure 2. (a) Interference based on topography height (h = surface geopotential PHIS divided by 924 

gravitational acceleration 9.8 m/sec2) within the Andean region (50 °S-10°N, 90°W-60°W). At 925 

the time-step level, temperature tendencies from convective processes are untouched if ℎ <926 

500𝑚 (purple color), linearly damped if 500𝑚 ≤ ℎ < 600𝑚 (beige color), and fully muted if 927 

ℎ ≥ 600𝑚 (pink color). Units: meter. (b) The linear ramp function used in the interference 928 

based on topography height. 929 

 930 

Figure 3. Diurnal cycle (in local time phase) and amplitude (in mm/day) of the first harmonic of 931 

total precipitation in CTR during DJF from 1998-2008 (first row) and TRMM 3B42 during DJF 932 

from 1998-2008 (second row). CTR has hourly data and TRMM 3B42 has 3-hourly data. The 933 

earliest data availability from TRMM is 1998. Diurnal peak time is represented by the color hue 934 

and amplitude is represented by the color saturation. 935 

 936 

Figure 4. (a) Hovmöller diagram showing the composite diurnal cycle of equatorial rainfall 937 

(shading) in the CTR ensemble (180 members), averaged between 5°S-5°N, with contours 938 

showing the vertically integrated (1000-100hPa) Andean forcing in the CTR group which is 939 

denied in the TOPO group. Units: precipitation in mm/day, forcing in W/m2. (b) Composite 940 

height-longitude snapshot at 10°S latitude, showing Andean forcing in the CTR group at the 18th 941 

hour after branching off (13:00 local time at 75°W). Units: K/day. (c) As in (b) but showing the 942 

horizontal structure of the vertically integrated (1000-100hPa) Andean forcing in the CTR group. 943 

Units: W/m2. 944 

 945 

Figure 5. (a) Precipitation responses to Andean forcing (CTR minus TOPO) at the 13th hour after 946 

branching off. Stippling shows 0.05 significance level in the student-t test. The Amazon area is 947 

defined within the red box (64°W-50°W, 14°S-0°N), same as shown in Figure 1(c). Units: 948 

mm/day. (b) Time series of precipitation averaged over the Amazon box in the CTR group. The 949 

orange curve indicates TRMM reference calculated from 1998-2008 DJF. Units: mm/day. (c) 950 

Time series of the differences in precipitation averaged over the Amazon box between CTR and 951 

TOPO group. Units: mm/day. In (b) and (c), bars indicate 95% confidence interval. Grey shading 952 

indicates local nighttime hours (18:00-06:00 local time at 60°W). In (c), difference of 953 

precipitation between CTR and TOPO during 120-240 hours resambles patterns seen in day 4-5 954 

and is indistinguishable from zero and thus not shown. Time series of each individual member is 955 

shown in Figure S2. 956 
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Figure 6. Differences of time series in a variety of diagnostics between CTR and TOPO group 957 

averaged over the Amazon box shown in Figure 5(a). (a) Moist Static Energy (blue), Latent Static 958 

Energy 𝑳𝒗𝒒 (yellow), and Dry Static Energy 𝑪𝒑𝑻 + 𝒈𝒛 (green) averaged over the lowest five 959 

model layers. Units: kJ/kg. (b) Surface sensible heat flux (blue), surface latent heat flux (yellow), 960 

vertically integrated solar heating rate (green), vertically integrated longwave heating rate 961 

(red), the sum of the four terms (purple). Units: watts/m2. (c) The local rate of change in 962 

vertically integrated specific humidity (blue) calculated based on equation (2.1), vertically 963 

integrated total physics tendency of specific humidity PTEQ (yellow), vertically integrated total 964 

advection of specific humidity (green) inferred based on equation (2.2). Units: g/kg/hr. (d) 965 

Convective Available Potential Energy (CAPE). Units: J/kg. (e) Decomposition of the total 966 

advection of specific humidity based on equation (2.5). Vertical integral of the horizontal 967 

advection of specific humidity −(𝒖
𝝏𝒒

𝝏𝒙
+ 𝒗

𝝏𝒒

𝝏𝒚
)  (blue), vertical integral of the divergence term 968 

−𝒒(
𝝏𝒖

𝝏𝒙
+

𝝏𝒗

𝝏𝒚
) (yellow), vertical integral of the vertical advective term −𝝎

𝝏𝒒

𝝏𝒑
 (green), vertical 969 

integral of the vertical gradient term −𝒒
𝝏𝝎

𝝏𝒑
 (red). Units: g/kg/hr. (f) The sum of the previous 970 

four terms in panel c (blue), and vertical integral of the total advection of specific humidity 971 

inferred based on equation (2.2) (yellow). Units: g/kg/hr. (g) Differences of the vertically 972 

integrated vertical advection of specific humidity between CTR and TOPO group 973 

〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 (blue), and its decomposition into three terms based on equation (2.7), 974 

− 〈𝝎𝑻𝑶𝑷𝑶 [
𝝏𝒒

𝝏𝒑
]

𝑪𝑻𝑹−𝑻𝑶𝑷𝑶
〉 in yellow, − 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [

𝝏𝒒

𝝏𝒑
]

𝑻𝑶𝑷𝑶
〉 in green, 975 

− 〈𝝎𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 [
𝝏𝒒

𝝏𝒑
]

𝑪𝑻𝑹−𝑻𝑶𝑷𝑶
〉 in red. Units: g/kg/hr. Note that the fact that the sum of three 976 

individual components does not seem to equal to the original term 〈−𝝎
𝝏𝒒

𝝏𝒑
〉𝑪𝑻𝑹−𝑻𝑶𝑷𝑶 (blue). 977 

This is likely due to errors introduced in gradient calculations which would be accumulated in 978 

the summation. (h) precipitation response over the Amazon. Unit: mm/day. 979 

Figure 7. Time series of vertical profiles of cloud fraction averaged over the Amazon (same as in 980 

Figure 5) in the CTR group (left) and in the CTR-minus-TOPO group (right). Units: unitless. 981 

Figure 8. Transect at 10°S latitude. (a-d) Differences between CTR and TOPO group of 982 

temperature (shading), zonal, and vertical velocity (arrows), where vertical velocity is magnified 983 

100 times for visibility. Units: temperature in, wind in m/sec. (e-h) Differences between CTR 984 

and TOPO group of specific humidity. Units: g/kg. (a)(e) show the 4th hour after branching off 985 

(23:00 local time at 75°W). (b)(f) show the 7th hour after branching off (02:00 local time at 986 

75°W). (c)(g) show the 10th hour after branching off (05:00 local time at 75°W). (d)(h) show the 987 

13th hour after branching off (08:00 local time at 75°W). Shading around 75°W represents 988 

Andean topography. 989 

Figure 9. Hovmoller diagram for the first 96 hours after branching off, averaged over latitude of 990 

5°N-5°S. Shading represents precipitation difference between CTR and TOPO (units: mm/day). 991 

Contours represent (a) 850hPa zonal wind difference between CTR and TOPO (units: m/sec); (b) 992 

850hPa geopotential height difference between CTR and TOPO (units: m). Both shading and 993 

contours are only retained with a 0.1 significance level of student-t test. Note between the 16-994 
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28th hours, the eastward propagation speed of 850hPa geopotential height is about 50 995 

meter/sec, within the range of phase speed of dry Kelvin waves between 30-60 meter/sec.  996 

 997 

Figure 10. Snapshots of 850hPa wind vectors in the TOPO group (first row), and differences 998 

between the CTR group and the TOPO group (second row). Unit: meter/sec. Differences are 999 

retained at 0.1 significance level of student-t test. 1000 
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