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Abstract. Land surface evapotranspiration (ET) is a major source of moisture for the global 13 
hydrologic cycle. Though the influence of the land surface is well documented, moisture 14 
tracking analysis has often relied on offline tracking approaches that require simplifying 15 
assumptions and can bias results. Additionally, the contribution of the ET components 16 
(transpiration (T), canopy evaporation (C), and ground evaporation (E)) individually to 17 
precipitation is not well understood, inhibiting our understanding of moisture teleconnections 18 
in both the current and future climate. Here we use the Community Earth System Model 19 
version 1.2 with online numerical water tracers to examine the contribution of local and 20 
remote land surface ET, including the contribution from each individual ET component, to 21 
precipitation across North America. We find the role of the land surface and the individual 22 
ET components varies considerably across the continent and across seasons. Much of 23 
northern and northeastern North America receives up to 80% of summertime precipitation 24 
from land surface ET, and over 50% of that moisture originates from transpiration alone. 25 
Local moisture recycling constitutes an essential source of precipitation across much of the 26 
southern and western regions of North America, while remote land surface moisture supplies 27 
most of the land-based precipitation across northern and eastern North America. Though the 28 
greatest contribution of remotely sourced land ET occurs in the north and east, we find the 29 
primary sources of North American land surface moisture shifts seasonally. The results 30 
highlight regions that are especially sensitive to land cover and hydrologic changes in local 31 
and upwind areas, providing key insights for drought prediction and water resource 32 
management. 33 
 34 

      35 
1. Introduction: 36 

 37 
          Evapotranspiration (ET) from the land surface is a major atmospheric moisture source 38 
responsible for approximately 35% of precipitation over land (van der Ent et al., 2014). This 39 
terrestrial-sourced moisture is supplied by advection of ET from upwind land surfaces 40 
(moisture transport) and by ET from within the land region of interest (moisture recycling). 41 
Regions that rely heavily on terrestrial ET moisture for precipitation are susceptible to 42 
mechanisms that alter land surface ET such as land use and land cover change (Weng et al., 43 
2018; Paul et al., 2016; Alter et al., 2017). Additionally, the degree to which a region 44 
depends on local recycled moisture influences the development of land surface feedbacks 45 
that can mitigate or exacerbate dry and wet periods, including high-impact drought and flood 46 
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events (Dirmeyer and Brubaker, 1999; Seneviratne et al. 2010; Kelemen et al., 2016). It is 47 
therefore critical to understand the breakdown of a region’s terrestrial moisture sources, 48 
including the contributions from moisture transport and recycling, and the contributions from 49 
different land cover types, such as vegetation and soil, for water resource management. 50 
          Previous studies have identified terrestrial ET as an important source of moisture for 51 
North American precipitation. For example, van der Ent et al. (2010) used reanalysis data 52 
and an atmospheric moisture budget-based accounting model to quantify a continental 53 
precipitation recycling ratio and found that terrestrial ET is responsible for approximately 54 
40% of annual precipitation across most of the North American continent (van der Ent et al., 55 
2010). The authors also quantified the continental evaporation recycling ratio and found that 56 
nearly 60% of evaporated moisture from the western half of North America falls as 57 
precipitation over land (van der Ent et al., 2010). Both the continental precipitation recycling 58 
ratio and the continental evaporation recycling ratio are projected to decrease across North 59 
America with future warming, highlighting the sensitivity of moisture source-sink 60 
relationships to varying environmental conditions, and the need to understand the underlying 61 
processes that influence these relationships to confidently predict future water availability 62 
(Findell et al. 2019). 63 
          While the continental recycling ratios point to a key role for the land surface as a 64 
whole in shaping North American precipitation, within this continental-scale framework, all 65 
precipitation sourced from the land surface is considered “recycled” even though it might 66 
have evaporated thousands of kilometers upwind. A regional-scale recycling framework is 67 
necessary to identify the contribution of proximate and remote terrestrial sources to 68 
precipitation. Though the definition of “regional scale” within the context of moisture 69 
recycling is subjective and influences the quantity of recycled precipitation (Dirmeyer and 70 
Brubaker, 2007; Singh et al. 2016), the overlying goal of the framework is to gain an 71 
understanding of how reliant a region is on ET from the surrounding area. This knowledge 72 
can assist in understanding the role of land surface feedbacks within the context of 73 
atmospheric events such as droughts, floods, and heat waves (Raddatz, 2005; Roy et al., 74 
2019; Miralles et al., 2019), and in local land use/land cover decision making. For example, 75 
previous work has found that changes to crop management practices, such as a reduction in 76 
irrigation in California’s Central Valley, would reduce precipitation in California and the 77 
surrounding Southwest U.S. (Lo and Famiglietti, 2013). Changes to land use and agricultural 78 
practices in the Central Valley should therefore be considered carefully to limit potential 79 
adverse regional hydroclimate impacts. 80 
          In addition to knowing the geographic sources of a region’s precipitation, identification 81 
of the surfaces from which that terrestrial ET is sourced can further enhance understanding of 82 
regional hydroclimate and assist water resource management. Land surface ET is a 83 
combination of transpiration (T), canopy evaporation (C), and ground evaporation (E). The T 84 
component alone accounts for nearly 64% of total global ET (Good et al., 2015), making 85 
vegetation critical for land moisture recycling. However, the degree to which a region relies 86 
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on T for precipitation depends on proximity to dense, high-transpiration plants, and/or 87 
alignment to the prevailing winds that flow over those plants (Keys et al. 2016). Regions that 88 
rely more heavily on T may exhibit less variability in precipitation than regions that rely 89 
largely on C or E, as plants with deep rooting systems are able to tap into water deep below 90 
ground providing moisture to the atmosphere even during relatively dry periods (Tueling et 91 
al., 2010; Lee et al., 2012). T moisture has also been shown to have a longer average 92 
atmospheric residence time than moisture from C or E (van der Ent et al., 2014). Given 93 
differing magnitudes and residence times of the three ET components, examining each 94 
components’ role in precipitation and local recycling individually is necessary for a complete 95 
understanding of the hydrologic cycle. 96 
          Additionally, there is much uncertainty regarding the partitioning of ET in future 97 
climates (Kirschbaum, 2004). Some studies have suggested increased leaf-area index (LAI) 98 
and a lengthened growing season will result in an increase in T (Niu et al., 2019), while other 99 
studies have found CO2 fertilization decreases T (Kirschbaum & McMillan, 2018). The 100 
uncertainty surrounding ET partitioning in future climates adds to the uncertainty in moisture 101 
recycling patterns as well. Having a clear understanding of moisture recycling and the 102 
contribution of each ET component in the current climate is necessary for future water 103 
resource planning. 104 
          Here we present a new unified framework to study regional moisture recycling and the 105 
sourcing of precipitation into its individual ET components (T, E, and C). Using a climate 106 
model with water tracing capability, we identify the reliance of each location in North 107 
America on precipitation sourced from transpiration, canopy evaporation, and soil/lake 108 
surface evaporation, highlighting regions most susceptible to changes in vegetation type, 109 
coverage, and physiology. We then estimate precipitation recycling on a regional scale, 110 
providing an assessment of precipitation sensitivity to local and remote land use/land cover 111 
changes (whether land management-or climate-driven). Lastly, we combine the water tracing 112 
analyses to quantify the breakdown of local and remote terrestrial moisture recycling into the 113 
T, E, and C components.  114 

 115 
2. Methods: 116 

 117 
2.1 Model Setup 118 

 119 
          We utilize the isotope-enabled Community Earth System Model version 1.2 120 
(iCESM1.2) (Hurrell et al., 2013; Brady et al., 2019). The model is configured with the 121 
Community Atmosphere Model version 5 (CAM5) and the Community Land Model version 122 
5 with prognostic vegetation state and active biogeochemistry (CLM5BGC). Both CAM5 123 
and CLM5 are run on a 0.9° x 1.25° finite volume grid. CAM5 is run with 30 active 124 
atmospheric levels in a hybrid-sigma pressure coordinate system. Crop management and 125 
irrigation are active within CLM5. The ocean is initialized and forced with prescribed 126 
monthly-varying sea-surface temperatures (SSTs) and sea-ice concentrations (SICs) from the 127 
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Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) dataset (Rayner et 128 
al., 2003). The model is run for 31 years using SSTs, SICs, greenhouse gas concentrations, 129 
and aerosols consistent with the years 1985-2015. For the years 2006-2015, greenhouse gas 130 
concentrations and aerosols are taken from the Representative Concentration Pathway 4.5 131 
(RCP4.5) (Thomson et al., 2011). The first year of the simulation (1985) is discarded to 132 
allow the water tracers to spin-up (see below), leaving a 30-year climatology.  133 
          Our configuration of CESM utilizes the online water tracing capability of CAM5 134 
(Brady et al., 2019; Nusbaumer and Noone, 2018). The water tracers allow for the tagging of 135 
water vapor evaporated from predefined land and ocean surfaces. The model “tags” moisture 136 
from regions with a unique identifier based on the region it evaporated from. The tagged 137 
water vapor is advected through the atmosphere in the same manner as regular water vapor 138 
and is subjected to all of the same physical processes including all cloud microphysics, 139 
boundary layer processes, and convection. The tagged moisture is tracked in the model 140 
through all atmospheric processes until the tagged moisture precipitates. The water tracers 141 
are passive and do not alter the state of the climate in any way, so an arbitrary number of 142 
them can be implemented into the model. By utilizing the water tracing capabilities of 143 
CAM5, we are able to directly quantify the sources of precipitation and the amount of 144 
moisture recycling that occurs in any predefined region. The online numerical water tracers 145 
also avoid the need for simplifying assumptions about the sub-grid processes that the tagged 146 
moisture undergoes. Many offline tracking methods including Lagrangian back-trajectory 147 
analyses and two-dimensional analytical models rely on simplifying assumptions about the 148 
state of the atmosphere such as the “well-mixed” atmosphere that can bias moisture source 149 
origins (Sodemann et al. 2008; van der Ent et al., 2013).  150 
          Additionally, we have extended the water tracing capabilities of CAM5 to include the 151 
tracing of the individual components of terrestrial ET (T, C, and E). The T tracers track all 152 
moisture originating from transpiration, the C tracers track moisture evaporated from the 153 
surface of plants, and the E tracers track all moisture evaporated from ground and lake 154 
surfaces, excluding evaporation or sublimation from surface snow. This added tracing 155 
capability allows for the direct quantification of precipitation from T, C, and E individually 156 
from each defined land region. There are a total of 22 defined land regions (Figure 1), each 157 
with 4 separate water tracers (ET, T, C, and E), for a total of 88 active water tracers for the 158 
North American land surface.  159 
 160 

https://doi.org/10.5194/hess-2021-284
Preprint. Discussion started: 11 June 2021
c© Author(s) 2021. CC BY 4.0 License.



 5 

 161 
Figure 1: The defined land regions in the study. Each land region has 4 tracers: total ET, T, C, and E. 162 

 163 
2.2 Mathematical Framework 164 
 165 
          In Sections 3.5 and 3.8, we examine the divergence of locally evaporated moisture and 166 
the convergence of remotely evaporated moisture for each defined land region across North 167 
America. We start with the fundamental equation of hydrology (Peixoto and Oort, 1992)  168 

 169 

 170 
 171 
 172 

where E is evaporation, P is precipitation, Q represents the column-integrated atmospheric 173 
moisture, and 𝑄"	represents the column-integrated moisture flux. It can be shown that for time 174 
periods greater than one year, the variability of atmospheric water storage is negligible 175 
(Singh et al., 2016; Dominguez et al., 2006). After integrating (1) globally,  176 
 177 

 178 
 179 

where the bars represent climatological averages. We utilize the mathematical framework 180 
developed by Singh et al. (2016) to transform equation (2) into 181 
 182 

 183 
 184 

∂Q

∂t
+

!
∇ · "Q

#
= E − P (1)

E = P (2)
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 185 
 186 

 187 
where 𝑖 and 𝑗 denote individual domains smaller than the global domain, 𝑒 denotes the export 188 
fraction (the fraction of evaporation that does not precipitate locally), and 𝑓!" denotes the 189 
fraction of export from region 𝑗 that falls in region 𝑖. This formulation of moisture 190 
conservation works for a global domain, i.e.  191 
 192 

 193 
 194 
 195 
 196 

where 𝛼 represents the area, but requires an adjustment to work for a limited domain. For our 197 
study, we treat each defined land region as a subdomain of the North American land surface 198 
rather than the globe. In Appendix A, we show that for Equation (3) to hold on a restricted 199 
domain, it requires an adjustment such that 200 
 201 

 202 
 203 

 204 
 205 
 206 

where  denotes scaled values so only moisture originating from and precipitating within the 207 
domain of interest is considered. Since we restrict our domain to the North American 208 
continent, only P originating from North America and E from North America that 209 
precipitates over North America are used in (4). Additionally, our e is restricted such that 210 
only moisture exported to other North American land regions is considered. Writing (4) in a 211 
matrix form for n regions leaves us with  212 

 213 

 214 
 215 

where  and  are vectors of domain-scaled P and E of size n, I is the identity matrix,  is 216 
the domain-scaled export matrix with diagonal entries 𝑒" and all non-diagonal entries equal to 217 
0, and  is the convergence matrix with non-diagonal entries equal to 𝑓!" and all diagonal 218 
entries equal to 0.  219 
 220 
 221 

Pi = Ei +

j=n!

j=1,j ̸=i

ejfjiEj − Eiei (3)

P̈i = Ëi +

!
j=n"

j=1,j ̸=i

ëjfjiËj

#
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2.3 GPCP Dataset 222 
 223 
          To evaluate CESM’s ability to simulate North American precipitation, we compare 224 
CESM-simulated precipitation to rainfall observations from the Global Precipitation 225 
Climatology Project (GPCP) (Adler et al., 2020). The GPCP dataset consists of monthly 226 
rainfall estimates derived from a combination of in-situ gauge measurements and satellite 227 
observations. The GPCP data is stored on a 2.5° grid and is re-gridded to a 0.9° x 1.25° grid 228 
using patch interpolation to match that of CESM. GPCP rainfall estimates from the years 229 
1986-2015 are used to create an observational climatology dataset to directly compare to the 230 
CESM precipitation climatology covering the same time period. 231 
 232 
2.4 GLEAM Dataset 233 
  234 
          The CESM-simulated ET field is compared to the Global Land Evaporation 235 
Amsterdam Model (GLEAM) (Martens et al., 2017). The GLEAM dataset uses the Priestly 236 
and Taylor equation to calculate potential evaporation using observations of surface net-237 
radiation, near-surface temperature, and surface soil moisture. GLEAM also incorporates 238 
satellite observations of vegetation optical depth (VOD) and calculates interception loss 239 
using a Gash Analytical Model. The dataset provides monthly estimates of total ET, T, and E 240 
on a 0.25° regular latitude-longitude grid. GLEAM evaporation estimates from the years 241 
1986-2015 are re-gridded to a 0.9° x 1.25° grid using patch interpolation and averaged to 242 
create ET climatology files that can be directly compared to CESM.  243 

 244 
 245 

3. Results: 246 
 247 

3.1 Comparison of iCESM Precipitation to GPCP Observations 248 
 249 
          iCESM simulates precipitation reasonably well across North America, though there are 250 
notable differences between the iCESM and GPCP precipitation fields (Figure 2). During the 251 
winter, spring, and fall seasons, there is a broad area of positive precipitation anomalies 252 
across the eastern half of the United States indicating a deficit of iCESM precipitation 253 
compared to GPCP observations (Figures 2a, 2b, and 2d). The most significant positive 254 
anomalies are largely contained within our defined SCP and SSE regions. A weighted 255 
average of the anomalies over these two regions indicates an iCESM precipitation deficit of 256 
approximately 0.31, 0.14, and 0.35 mm day^-1 during the winter, spring, and fall seasons 257 
respectively. During the summer season, the region of positive precipitation anomalies 258 
largely shifts to the United States central plains (contained primarily within our SCP, ICP, 259 
INP, NMW, and RMW defined regions) (Figure 2c). A weighted average of the anomaly 260 
field over these five regions results in an average modeled precipitation deficit of 0.26 mm 261 
day^-1. Seasonal underestimations of precipitation in the southeastern US during the winter 262 
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and in the central US during the summer are common amongst the 34 Coupled Model 263 
Intercomparison Project Phase 5 (CMIP5) models, and the error produced by iCESM is in 264 
line with other CMIP5 models (Sheffield et al., 2013). In contrast with much of eastern North 265 
America, iCESM generally overestimates precipitation across the western portions of the 266 
continent. The negative precipitation anomalies (indicating a surplus of modeled 267 
precipitation) are largely confined to the mountainous regions in all four seasons (Figure 2). 268 
These anomalous precipitation fields are likely the result of the model’s resolved topography 269 
(Kopparla et al., 2013). Indeed, across CMIP5, models generally overestimate precipitation 270 
in regions with complex topography such as Western North America (Mehran et al., 2014). 271 
Though observational datasets like GPCP are often used to validate modeled precipitation 272 
fields, observations suffer from limited gauge data and limitations of satellite estimations, 273 
particularly within mountainous regions (Mehran and AghaKouchak, 2014; Sorooshian et al., 274 
2011; Mehran et al., 2014). Some of the deviations between the iCESM and GPCP 275 
precipitation fields are likely the result of errors in the observational dataset rather than solely 276 
being a function of model error. Despite the slight model biases, iCESM resolves 277 
precipitation reasonably well across North America at a 1° resolution (Tapiador et al., 2017), 278 
and is an appropriate model to study North American precipitation characteristics.  279 
 280 

 281 
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 282 
Figure 2. A comparison of the North American precipitation from iCESM and GPCP for (a) winter (DJF), (b) spring 283 

(MAM), (c) summer (JJA), and (d) fall (SON). Units are in mm day^-1. 284 
 285 
 286 
3.2 Comparison of iCESM ET to GLEAM  287 
 288 
          Compared to GLEAM observations, iCESM simulates ET reasonably well across all 289 
four seasons (Figure 3). The maximum error (after taking the absolute value) between the 290 
two datasets is 0.61, 0.77, 0.70, and 0.56 mm day^-1 during the winter, spring, summer, and 291 
fall seasons respectively. On average, the model underestimates land surface ET in North 292 
America during the winter and fall seasons (Figures 3a & 3d). During the spring season, 293 
iCESM underestimates land surface ET across most of the northern half of North America, 294 
while overestimating ET in the southwestern US and Central America (Figure 3b). There is 295 
no clear spatial pattern in the ET error produced by iCESM during the summer season 296 

a) b)

c) d)
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(Figure 3c). Though the maximum grid cell error occurs during the spring season, the 297 
average of the absolute value of the errors continent wide peaks in the summer (0.14 mm 298 
day^-1) compared to the winter (0.05 mm^day-1), spring (0.12 mm day^-1), and fall (0.08 299 
mm day^-1) seasons. One potential source of error in climate model ET estimates is directly 300 
related to errors in the modeled precipitation (Mueller & Seneviratne, 2013). If precipitation 301 
is overestimated (underestimated) in the model, more (less) moisture is available for ET. 302 
Though the potential for this bias exists across the continent given the errors in modeled 303 
precipitation (Figure 2), this source of error appears most prominent in the US Southeast and 304 
in North-Central Mexico. In the US Southeast (in North-Central Mexico), iCESM 305 
underestimates (overestimates) precipitation in all four seasons (Figure 2), potentially 306 
resulting in underestimates (overestimates) of ET year-round (Figure 3). However, the sign 307 
of the precipitation and ET errors are not consistent spatially across all seasons, indicating 308 
other error sources are responsible for the disagreement between ET in the model and 309 
observations. Unlike total ET, the error in the individual ET components (T, C, and E) are 310 
seasonally consistent. Continent wide, iCESM generally underestimates T and overestimates 311 
C and E (Supplemental Figures 1-3). This behavior is present across CMIP5 models and is 312 
attributed to numerous potential land surface models errors including errors in leaf area index 313 
(LAI), interception loss, root water uptake, light-use efficiency (LUE), and water-use 314 
efficiency (WUE) (Lian et al., 2018; Li et al., 2018). While all of these factors contribute to 315 
errors in the model simulated partitioning of ET, LUE is considered a potential major 316 
limitation for models given models often use LUE to estimate the gross primary productivity 317 
(GPP) of vegetation (Li et al., 2018). Across CMIP5 models, diffuse radiation is not 318 
explicitly represented in the land surface component (Lian et al., 2018), likely resulting in 319 
lower estimates of GPP (and photosynthetic activity) given the substantial impact diffuse 320 
radiation has on photosynthetic activity (Mercado et al., 2009). The Community Land Model 321 
(the land surface component of iCESM), is the only land surface model within CMIP5 that 322 
explicitly represents the diffuse-light dependence (Lian et al., 2018), potentially lowering the 323 
error in iCESM compared to other models. Despite the potential errors in iCESM, the error 324 
falls within the range of the Coupled Model Intercomparison Project Phase 6 (CMIP6) 325 
(Wang et al., 2021) and CMIP5 models (Mueller & Seneviratne, 2013). While we consider 326 
GLEAM observations as the “truth”, observational ET datasets are also prone to errors in ET 327 
estimations. GLEAM in particular overestimates the coupling strength between soil water 328 
content and ET (Qiu et al., 2019). Additionally, comparing the partitioning of ET into the 329 
three components between GLEAM, the Moderate Resolution Imaging Spectroradiometer 330 
evaporation product (PM-MOD), and the Priestley-Taylor Jet Propulsion Laboratory Model 331 
(PT-JPL) leads to drastically different partitioning with global T/ET values of 0.76, 0.24, and 332 
0.56 (Miralles et al., 2016). Though errors are present in iCESM simulated ET, some of the 333 
error presented in Figure 3 and Supplemental Figures 1-3 likely stems from errors in the 334 
observational dataset.  335 
 336 
 337 
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 338 
Figure 3. A comparison of the North American ET from iCESM and GLEAM for (a) Winter (DJF), (b) Spring (MAM), (c) 339 

Summer (JJA), and (d) Fall (SON). Note: black cells indicate missing observational data. Units are in mm day^-1. 340 
 341 

 342 
3.3 Seasonal Land-Based Precipitation Signals  343 
 344 
          The average percent contribution of the global land surface to total precipitation over 345 
North America follows a seasonal cycle with the largest contributions in the summer and the 346 
smallest contributions in the winter. This is consistent with the reanalysis-based findings of 347 
van der Ent et al. (2010). During the winter months (DJF), the percent contribution of the 348 
land surface remains under 20% across the continent (Figure 4a). Meanwhile, the spring 349 
(MAM), summer (JJA), and fall (SON) seasons have maximum land surface contributions 350 
between 50-60%, 70-80%, and 40-50%, respectively (Figures 4b, 4c, & 4d). While the 351 
magnitude of land surface moisture contribution follows a seasonal cycle, the spatial patterns 352 
of maximum percent land moisture contribution remain fairly consistent across three of the 353 
four seasons. During the spring, summer, and fall, much of central Canada and the north-354 

a) b)

c) d)
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central US receive the greatest proportion of precipitation from the land surface while the 355 
western and southeastern coasts of the continent receive the smallest. The magnitude of the 356 
summer land surface contributions and spatial patterns presented here are fairly consistent 357 
with the findings of van der Ent et al. (2010), though we find the maximum contribution of 358 
the land surface extends further west. The spatial pattern of maximum land contribution 359 
during the winter season shifts to the south and east. The wintertime maximum contribution 360 
(15-20%) occurs in the central and eastern portions of the continent extending from 361 
southwestern Quebec, into the Great Lakes, the United States central plains, and into 362 
central/southern Mexico.  363 

 364 

 365 
Figure 4. The percent contribution of land-based precipitation to total precipitation for (a) winter, (b) spring, (c) summer, and (d) 366 

fall. Note, the color bars are different for each panel. Units: %. 367 
 368 
 369 
3.4 Seasonal Variations in Moisture Recycling 370 

 371 
     3.4.1 Winter Season Recycling 372 
 373 
          The land surface contributes less moisture for precipitation during the winter season than 374 
in any other season (Figure 4a). However, moisture recycling, defined as precipitation in a region 375 
that is sourced from ET within that region, still contributes between 2-4% of total precipitation 376 
across much of the southern United States, and over 4% in parts of Central America (Figure 5a, 377 
Supplemental Table 1a). Some areas near the Great Lakes also receive between 2-3% of their 378 
total precipitation from local moisture recycling, though this is likely from the Great Lakes 379 
themselves since lake evaporation is part of the E variable. While the contribution of local 380 

a) b)

d)c)
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recycling to total precipitation is greatest in the south, local recycling comprises a considerable 381 
fraction of total winter land-based precipitation (total precipitation that is sourced only from the 382 
land surface) along the US west coast (Figure 6a, Supplemental Table 1b). Outside of the SMM 383 
region, the contribution of local recycling to total winter land-based precipitation is highest in the 384 
PNW and SWC regions. Approximately 34% of land-based precipitation in the PNW comes 385 
from local recycling, while 39% in the SWC comes from local recycling. Given that moisture 386 
recycling is highly dependent on the size and shape of the domain (Trenberth, 1999; van der Ent 387 
& Savenije, 2011; Dirmeyer & Brubaker, 2007), we also examine the normalized local recycling 388 
for each region. For these values, the recycling percentages from Figures 5a and 6a are scaled by 389 
the normalized land area of each region such that 390 
 391 

 392 
 393 
where L is the percent recycling, a is the land area of each region, and ‖𝛼‖ represents the 394 
Frobenius norm. This scaling ensures that regions with the largest land area are scaled down so 395 
the percent recycling is not solely a function of domain size. Both the PNW and SWC regions as 396 
well as the SMM region continue to have very high rates of local recycling when analyzing land-397 
based precipitation only, even when considering the normalized values (Figure 6b, Supplemental 398 
Table 1c). Overall, results indicate that local moisture recycling is an important source of 399 
precipitation for much of Central America and the SCP region during the winter season.  400 
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 401 
Figure 5. The percent contribution of local recycling to total precipitation during the (a) winter (DJF), (b) same as (a) but 402 

normalized by land area, (c) spring (MAM), (d) same as (c) but normalized by land area,  (e) summer (JJA), (f) same as (e) but 403 
normalized by land area, (g) fall (SON), and (h) same as (g) but normalized by land area. Units: %. 404 
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 405 
Figure 6. The percent contribution of local recycling to land-based precipitation during the (a) winter (DJF), (b) same as (a) but 406 
normalized by land area, (c) spring (MAM), (d) same as (c) but normalized by land area,  (e) summer (JJA), (f) same as (e) but 407 

normalized by land area, (g) fall (SON), and (h) same as (g) but normalized by land area. Units: %. 408 
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     3.4.2 Spring Season Recycling 409 
 410 

          The maximum contribution of the land surface to total precipitation shifts to much of 411 
Canada and the central US during the spring season (Figure 4b). Along with the northwestward 412 
shift in land surface contribution, the role of local moisture recycling increases during the season 413 
as well (Figure 5c, Supplemental Table 2a). All of the land regions in the US Intermountain West 414 
and the Canadian Prairies receive between 10% and 12% of their total springtime precipitation 415 
from local moisture recycling. Local recycling contribution also increases dramatically in the 416 
NCA region going from 0.6% in the winter to 14% in the spring. Local recycling remains 417 
important in Central America with precipitation contributions between 12-15%. While the 418 
normalization dramatically decreases the recycling for the large NCA region, the US 419 
Intermountain West, Canadian Prairies, and Central America recycling values remain high in 420 
comparison to the rest of the continent indicating the recycling values are not solely a function of 421 
the size of these regions (Figure 5d, Supplemental Table 2c).  422 
          Similar to the winter season, local recycling remains a major source of land-based 423 
precipitation for the west coast of the US during the spring (Figure 7a, Supplemental Table 2b). 424 
Additionally, local recycling is an important source of moisture for land-based precipitation in 425 
the NCA, CMM, and SMM regions. For these top 5 regions (PNW, SWC, NCA, CMM, & 426 
SMM), local recycling contributes 41, 48, 40, 42, and 64% respectively of the land-based 427 
precipitation within those regions. However, Figure 7b suggests that the high percent 428 
contribution in NCA is likely the result of a large study region. Since the NCA region is defined 429 
from the west coast of Alaska to the east coast of Canada, any land surface moisture that 430 
evaporates in the west and precipitates in the east is considered “local” recycling. In contrast, the 431 
other four regions continue to have high normalized recycling values (Figure 7b, Supplemental 432 
Table 2d), further emphasizing the importance of local recycling for land-based precipitation in 433 
those regions.  434 
 435 
     3.4.3 Summer Season Recycling 436 

 437 
          During the summer, the land surface is a major source of moisture for much of the North 438 
American continent (Figure 4c). The contribution of local moisture recycling to total 439 
precipitation also increases for the entire continent during this season (Figure 5e, Supplemental 440 
Table 3a). The highest contributions of local recycling occur in the western US with 27% of 441 
UPR and 22% of SWW precipitation coming from recycled moisture. Across the central and 442 
southern US, local recycling accounts for 12% to 17% of total summertime precipitation. 443 
Recycled moisture is also an important moisture source for WIP, EIP, and NCA contributing 21, 444 
18, and 27% of precipitation respectively. Even after normalizing the recycling values, the 445 
western US and Canadian Prairies continue to have the highest recycling percentages in North 446 
America (Figure 5f, Supplemental Table 3c) Unlike the winter and spring seasons, local 447 
recycling contributes over 39% of land-based precipitation for all of the southern and western 448 
US, Central America (except NMM), and NCA (Figure 8a, Supplemental Table 3b). These high 449 
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recycling values remain, particularly in the SSE region, even after scaling for domain size 450 
(Figure 8b, Supplemental Table 3d). For these regions, local land surface moisture is a critical 451 
moisture supply during the summer season. However, for much of northeastern North America, 452 
the contribution of local recycling to both land-based precipitation and total precipitation is much 453 
lower. Given the high (>50%) contribution of the land surface to precipitation across this portion 454 
of the continent (Figure 4c), this suggests moisture transport from upwind land regions is a 455 
significant source of summertime precipitation.  456 
 457 
     3.4.4 Fall Season Recycling 458 

 459 
          The spatial pattern of land-surface contribution to precipitation is very similar between the 460 
spring and fall seasons, though the magnitude of the contribution is slightly lower in the fall 461 
(Figures 4b, 4d). Similar to the land-surface contribution, the contribution of local recycling to 462 
precipitation is also spatially similar between the fall and the spring (Figures 5c, 5g, 463 
Supplemental Tables 2a, 4a). Over 8% of precipitation comes from local recycling in NCA, EIP, 464 
SWW, CMM, and SMM, with the highest contribution of 9% in SMM. Other than the NCA 465 
region, the scaled recycling values indicate the same regions rely more on local recycling for 466 
precipitation than the rest of the continent (Figure 5h, Supplemental Table 4c). Consistent with 467 
the summer, the highest percentages of land-based precipitation from local recycling occur in the 468 
southern and western US and Central America (Figure 9a, Supplemental Table 4b). Although the 469 
same regions have the highest recycling percentages, the magnitude of those percentages drop in 470 
all of the western and southern US regions by over 9% except for the SSE region (5% decrease). 471 
There are also large decreases (≥13%) in the local recycling percentage of land-based 472 
precipitation in most of the central US (ICP, INP, & RMW). However, these regions still receive 473 
approximately 30-40% of their fall precipitation from land surface moisture (Figure 4d), so 474 
moisture transport into the central US proves to be an essential source of moisture for fall 475 
precipitation. 476 

 477 
3.5 Divergence and Convergence of North American Land Moisture  478 

 479 
          Land surface evaporation that does not precipitate locally is exported out of its evaporative 480 
source region and is available for precipitation elsewhere. Equation (5) contains two key 481 
components of moisture transport: the divergence of locally evaporated moisture and the 482 
convergence of remotely evaporated moisture (Singh et al., 2016). Our framework modifies 483 

these two terms such that  represents the divergence of land-sourced moisture to other 484 

North American land regions, and  represents the convergence of remotely evaporated 485 
North American land-sourced moisture. This formulation provides a mechanism to examine the 486 
primary sources and sinks of land-based precipitation within the context of the North American 487 
continent.  488 
 489 

https://doi.org/10.5194/hess-2021-284
Preprint. Discussion started: 11 June 2021
c© Author(s) 2021. CC BY 4.0 License.



 18 

3.5.1 Winter Transport of ET 490 
 491 
          The predicted precipitation using Equation (5) captures both the spatial variability and the 492 
magnitude of CESM-simulated North American land-based precipitation (Supplemental Figures 493 

1-2). The spatial patterns of  (from hereon called the divergence term) and  (from 494 
hereon called the convergence term) indicate seasonal shifts in the key land moisture source and 495 
sink regions (Figure 10). During the winter season, the magnitude of the divergence term is 496 
highest in the southern US and Central America, aligning closely with the evaporation fields 497 
(Figures 10a and 10b). Though higher evaporation totals potentially allow for higher amounts of 498 
moisture divergence, our framework developed in Section 2.2 only considers moisture 499 
divergence that later converges within North America. Differences between the evaporation 500 
fields and the divergence fields are attributed either to high amounts of internal moisture 501 
recycling or to atmospheric circulation features that may export evaporation from some land 502 
regions out of the North American domain. The evaporation is highest in the SMM region, but 503 
the SMM divergence term is relatively equivalent to that of the CMM region. Given the high 504 
amounts of local recycling during the winter in the SMM region (Figures 5a-b, 6a-b), local 505 
recycling likely accounts for the lower value of divergence. Despite the concentration of high 506 
divergence values in the southern portions of the continent, the magnitude of the convergence 507 
term during the winter is highest along the eastern coast of the continent extending from the SCP 508 
region up to ALC. This suggests that atmospheric circulation features transport supplies of 509 
terrestrial ET from the south to the north for precipitation.  510 
 511 
3.5.2 Spring Transport of ET 512 
 513 
          The divergence field shifts north from the winter to the spring season (Figure 10e). Both 514 
the US west coast and the US central/southern plains exhibit high divergence term magnitudes 515 
during the spring season relative to the rest of the continent. The US central/southern plains also 516 
exhibit high levels of evaporation allowing for their high divergence values (Figure 10d). Both 517 
the SSE and SMM regions also experience high levels of evaporation, but their divergence terms 518 
are relatively weaker. Consistent with the winter season, local recycling in the SMM region 519 
contributes a considerable amount to total precipitation (Figures 5c-d, 7a-b) likely reducing the 520 
amount of evaporation available for export. However, local recycling in the SSE region is of a 521 
similar magnitude as the SCP region indicating atmospheric circulation likely exports SSE 522 
moisture off the continent to the Atlantic Ocean. Similar to the divergence field, the magnitude 523 
of the convergence field increases across much of the northern US and southern Canada from the 524 
winter to the spring season (Figure 10f). The spatial variation of these two terms during the 525 
spring season indicates that both the US west coast and central plains are important sources of 526 
land-based moisture for much of the continent.  527 
 528 
3.5.3 Summer Transport of ET 529 
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 530 
          The maximum divergence shifts to the north again from the spring to the summer season 531 
resulting in the highest divergence values across the US Northwest, US central/northern plains, 532 
and the Canadian Prairies (Figure 10h). The corresponding evaporation field closely aligns with 533 
the divergence values except in the OHV, SSE, and NEE regions (Figure 10g). During the 534 
summer season, the SSE receives 46% of land-based precipitation from internal local recycling 535 
(Table 3b), far exceeding the US central/northern plains regions or the Canadian Prairies 536 
(Figures 8a-b), and likely reducing the moisture available for export. While the OHV and NEE 537 
both have local recycling of a similar magnitude to the central/northern US plains (Figures 5e-f, 538 
8a-b), given their proximity to the east coast and prevailing atmospheric circulation features, 539 
they likely export a large fraction of their evaporation out to the Atlantic, resulting in low 540 
divergence values. The convergence field exhibits similar behavior to the divergence field with 541 
higher values across the northern US and Canada and lower values across the southern US and 542 
Central America (Figure 10i). These spatial patterns indicate many of the agricultural hotspots in 543 
the central US and the Canadian Prairies are key source regions of land-sourced moisture for the 544 
northern half of North America.  545 
 546 
3.5.4 Fall Transport of ET 547 
 548 
          During the fall season, the divergence field is more spatially diffuse across the continent 549 
than in the summer season (Figure 7k). The highest magnitudes of divergence are present across 550 
much of the southern and eastern US, largely consistent with the evaporation field (Figure 7j). 551 
While the evaporation and divergence fields are consistent for most regions, the OHV, NEE, 552 
CMM, and SMM regions all have higher evaporation fields than their divergence fields suggest. 553 
Consistent with the summer season, the OHV and the NEE regions likely transport their moisture 554 
out of the North American domain given the low amounts of internal recycling (Figures 5g-h, 9a-555 
b). However, both CMM and SMM rely on internal local recycling for large fractions of their 556 
precipitation (Figures 5g-h, 9a-b) likely lowering the available moisture for export. Unlike the 557 
divergence field, the convergence field is more concentrated to the northeast, aligning closely 558 
with the maximum percent contribution of the land surface to total precipitation (Figure 4d). 559 
Though the SSE and NMW regions exhibit the highest magnitudes of the divergence term, the 560 
spatial diffusivity of the divergence term in the fall season in comparison to the other seasons 561 
suggests the high convergence in the northeast is sourced from a wide range of regions 562 
continent-wide.  563 
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 564 
Figure 7. (a) Winter ET, (b) winter divergence of locally evaporated ET, (c) winter convergence of remotely evaporated ET, (d) spring ET, 565 
(e) spring divergence of locally evaporated ET, (f) spring convergence of remotely evaporated ET, (g) Summer ET, (h) summer divergence 566 
of locally evaporated ET, (i) summer convergence of remotely evaporated ET, (j) Fall ET, (k) fall divergence of locally evaporated ET, and 567 

(l) fall convergence of remotely evaporated ET. All units are normalized units of length per m^-1. 568 
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3.6 Variations in Precipitation from each Evapotranspiration Component 569 
 570 

          Using the expanded water tracing capabilities of CESM, we are able to split the land-based 571 
precipitation into precipitation from T, C, and E moisture individually. This allows us to directly 572 
investigate the varying contributions of each ET component to precipitation fields, moisture 573 
recycling, and moisture transport.  574 

 575 
3.6.1 Annual T/E/C Contributions 576 

 577 
          The annual climatology of the percent contribution of the land surface to total precipitation 578 
is spatially consistent with the spring (Figure 4b) and fall (Figure 4d) seasons (Figure 8a). The 579 
maximum land surface contribution of 50-60% is confined largely to central Canada and the 580 
north-central US. Consistent with all of the seasonal values (Figure 4), the annual climatology 581 
also indicates the western and southeastern coasts of North America receive the lowest percent 582 
contributions from the land surface. On an annual basis, T moisture (moisture from transpiration) 583 
comprises 45-50% of the land-based precipitation across a large swath of the continent from 584 
Alaska, northwestern Canada, the north-central US, and much of the east coast of the US and 585 
Canada (Figure 8b). The lowest contributions of T (25-30%) occur in the western US and 586 
northern Mexico where T is limited due to a lack of vegetation and the arid environment. The 587 
proportion of land-based precipitation originating from C moisture (moisture evaporated directly 588 
from plant surfaces) ranges from 15-25% across much of the continent (Figure 8c). Only Alaska, 589 
northwestern Canada, portions of the southeastern US, and Central America receive 25% of 590 
more of their land-based precipitation from C moisture. These same areas receive the lowest 591 
contribution from E moisture (moisture evaporated directly from ground and lake surfaces), with 592 
totals ranging from 15-25% (Figure 8d). In contrast, the highest contributions (45%) from E 593 
moisture occur in the western/southwestern US and portions of far northern Canada. The Great 594 
Lakes also show high E contributions, though this is likely a result of lake evaporation. 595 

 596 
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 597 
Figure 8. (a) The annual percent contribution of land-based precipitation to total precipitation, (b) the percent of land-based 598 

precipitation originating from T, (c) the percent of land-based precipitation originating from C, and (d) the percent of land-based 599 
precipitation originating from E. Units: %. 600 

 601 
 602 
3.6.2 Winter Season T/E/C Contributions 603 

 604 
          During the winter season, E moisture is the most prominent source of land-based 605 
precipitation for most of the continent, contributing between 40-60% of the total precipitation 606 
originating from the land surface (Figure 9d). The lowest contributions of E are seen in the 607 
Canadian prairies (30-40%), southeastern United States (30-40%), and much of Central America 608 
(10-40%). The fraction of winter precipitation sourced from C moisture is also fairly uniform 609 
across much of the continent, comprising 10-30% of the land-based precipitation over a wide 610 
area (Figure 9c). The maximum contribution of C (30-50%) occurs across western Canada, 611 
specifically within the prairies. Unlike E and C, there is a clear gradient in the contribution of T 612 
moisture to total land-based precipitation (Figure 9b). The contribution of T has a minimum 613 
across central Canada (10-20%) and increases towards the coasts and towards the south. T 614 
contributes most to winter land-based precipitation in parts of the southeastern US and Central 615 
America, with fractional contributions between 40% and 50%. 616 
 617 

a) b)

d)c)
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 618 
Figure 9. (a) The percent contribution of land-based precipitation to total precipitation during the winter (DJF), (b) the percent of 619 
land-based precipitation originating from T, (c) the percent of land-based precipitation originating from C, and (d) the percent of 620 

land-based precipitation originating from E. Units: %. 621 
  622 

 623 
3.6.3 Spring Season T/E/C Contributions 624 

 625 
          In the spring, the role of T increases across the continent as leaf out occurs and vegetation 626 
extent increases. T contributes 40-50% of the land-based precipitation for all of the central and 627 
eastern United States and for Central America (Figure 10b). Across much of Canada and the 628 
western US, the contribution of T moisture is lower at 20%-40%. Moisture contribution from C 629 
is fairly uniform during the spring season (Figure 10c). Most of the continent receives 10-20% of 630 
springtime, land-based precipitation from C. The contribution of C increases to 20-30% in the 631 
southeastern portions of the continent and along much of the west coast. As the proportion of 632 
T:ET increases from winter to spring, the contribution of E declines. In contrast with winter E, a 633 
gradient of increasing percent contribution from the SE to the NW develops across the continent 634 
in the spring (Figure 10d). The contribution of E has a minimum in the southeast (0-20%) and 635 
increases gradually towards the north and west, with the maximum contribution of 50-70% 636 
occurring across much of northern Canada and Alaska.  637 
 638 

a) b)

d)c)
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 639 
Figure 10. (a) The percent contribution of land-based precipitation to total precipitation during the spring (MAM), (b) the percent 640 
of land-based precipitation originating from T, (c) the percent of land-based precipitation originating from C, and (d) the percent 641 

of land-based precipitation originating from E. Units: %. 642 
 643 
 644 
3.6.4 Summer Season T/E/C Contributions 645 

 646 
          T is the dominant source of land-based precipitation for most of North America during the 647 
summer season. Outside the southwest US and western Mexico, T contributes over 40% of the 648 
total land-based precipitation for the rest of the continent and over 50% for much of Canada and 649 
the northern half of the United States (Figure 11b). Though the role of E moisture declines 650 
further in the summer for much of the continent as vegetation extent reaches a maximum, the 651 
summertime patterns of E are fairly consistent with and reversed from those of T (Figure 11d). 652 
Much of Canada and the northeastern half of the US receives 10-30% of land-based precipitation 653 
from E. Most of the US southwest and far northeast Canada receive higher percentages (40-60%) 654 
from E. The spatial patterns of C-based precipitation do not resemble the patterns of T or E 655 
(Figure 11c). C is responsible for 20-30% of the land-based precipitation across western Canada, 656 
Alaska, and nearly all of the United States and Mexico. Slightly lower percent contributions (10-657 
20%) are present across Eastern Canada and portions of the western US.  658 

 659 
 660 

a) b)

d)c)
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 661 
Figure 11. (a) The percent contribution of land-based precipitation to total precipitation during the summer (JJA), (b) the percent 662 
of land-based precipitation originating from T, (c) the percent of land-based precipitation originating from C, and (d) the percent 663 

of land-based precipitation originating from E. Units: %. 664 
 665 
 666 
3.6.5 Fall Season T/E/C Contributions 667 

 668 
          During the fall season, the role of T begins to decline as plant senescence begins and 669 
vegetation extent declines. Most of North America receives 30-40% of land-based precipitation 670 
from T during this season (Figure 12b). Areas along the east coast of the US, Canadian west 671 
coast, Alaska, and Central America receive slightly higher amounts from T (40-50%), while 672 
portions of the interior western US and the Great Lakes receive slightly lower amounts (20-673 
30%). C is uniform across the continent (20-30%) except for western Canada/Alaska and Central 674 
America (30-40%), and a few small areas in the US southwest and Great Lakes regions (10-20%) 675 
(Figure 12c). A large portion of the continent from the US southwest to northeastern Canada 676 
receives 40-50% of land-based precipitation from E (Figure 12d). The contribution from E 677 
declines along the east coast of the US, Central America, Western Canada, and Alaska to 20-678 
40%. The only areas to exceed 50% E contribution are around the Great Lakes and a small 679 
region in the semi-arid western US, largely overlapping the area with the lowest T contributions.  680 
 681 

a) b)

c) d)
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 682 
Figure 12. (a) The percent contribution of land-based precipitation to total precipitation during the fall (SON), (b) the percent of 683 
land-based precipitation originating from T, (c) the percent of land-based precipitation originating from C, and (d) the percent of 684 

land-based precipitation originating from E. Units: %. 685 
 686 

 687 
3.7 Decomposing Moisture Recycling and Transport into T/E/C Components  688 

 689 
          The dominant ET component for recycling is highly dependent on the season. During the 690 
winter season when T contribution is low, the combination of E and C dominate moisture 691 
recycling across the continent (Figure 13a, Supplemental Table 5). C is the main source of 692 
recycled moisture across most of southern Canada during this season, while E dominates across 693 
much of the US. The role of T in local recycling increases for every region from winter to spring 694 
(Figure 13b, Supplemental Table 6), though the combination of E and C is still responsible for 695 
the majority of recycled moisture. However, during the summer season, T becomes the largest 696 
contributor to recycled moisture for much of the north and eastern portions of the continent 697 
(Figure 13c, Supplemental Table 7). T comprises over 40% of local recycling for all regions 698 
except the west coast of the US, the southwest US, the SCP, and Central America. For many of 699 
these regions, E remains the largest source of recycled moisture contributing over 41% for the 700 
PNW, SWC, SWW, NMM, and CMM regions. During the fall season, E and C dominate local 701 
recycling (Figure 13d, Supplemental Table 8). T only contributes more than 40% of the local 702 
recycling in the NEE and SSE regions.  703 
          Similar to the recycled moisture, the composition of transported land moisture varies by 704 
the season. In the winter, E is the primary land moisture source for most of the continent (Figure 705 
14a, Supplemental Table 9). In the southern US and Central America, there is a fairly even split 706 
between transported E and T moisture, though E still exceeds T in all regions except for SWC, 707 

a) b)

d)c)
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CMM, and SMM. Transported T moisture increases in the spring contributing over 35% of 708 
transported land moisture in all regions (Figure 14b, Supplemental Table 10). Even with the 709 
increased transport of T, E still remains the top source of transported land moisture across all of 710 
Canada and the western US except for SWW. During the summer season, T contributes over 711 
41% of transported moisture and is the top source of transported moisture for all regions except 712 
for the SWC where E remains the dominant source of transported moisture (Figure 14c, 713 
Supplemental Table 11). Additionally, T accounts for 50% or greater of transported moisture 714 
across the continent except for SWC, SWW, UPR, SCP, ICP, NMM, CMM, and SMM. The role 715 
of transported T moisture decreases again in the fall season, only contributing 40% or more in 716 
the PNW, NCA, PFC, and SMM regions (Figure 14d, Supplemental Table 12). 717 

 718 

 719 
Figure 13. (a) The percent contribution of T, C, and E to total local precipitation recycling during the winter (DJF), (b) the same 720 

as (a) for the spring (MAM), (c) the same as (a) for the summer (JJA), and (d) the same as (a) for the fall (SON)  721 
 722 
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 723 
Figure 14. (a) The percent contribution of T, C, and E to total, non-recycled, land-based precipitation during the winter (DJF), (b) 724 

the same as (a) for the spring (MAM), (c) the same as (a) for the summer (JJA), and (d) the same as (a) for the fall (SON)  725 
 726 

 727 
     3.8 Divergence and Convergence of the ET Components  728 

 729 
          The same framework developed in Section 2.2 used to examine the divergence and 730 
convergence of total land surface ET in Section 3.5 can be used to examine the behavior of the 731 
individual ET components. Equation (5) is modified for each individual flux such that 732 

 733 

 734 
 735 

 736 
 737 

 738 
 739 

where P, E, F, and T are defined the same as in Section 2.2 except now they apply only to T in 740 

Equation (6), C in Equation (7), and E in Equation (8). Consistent with Section 3.5, 741 
represents the divergence of T-sourced moisture (from here on referred to as the T-divergence 742 

term),  represents the divergence of C-sourced moisture (from here on referred to as the 743 
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C-divergence term),  represents the divergence of E-sourced moisture (from here on 744 

referred to as the G-divergence term),  represents the convergence of T-sourced 745 

moisture (from here on referred to as the T-convergence term),  represents the 746 
convergence of C-sourced moisture (from here on referred to as the C-convergence term), and 747 

 represents the convergence of E-sourced moisture (from here on referred to as the E-748 
convergence term). These terms allow for the direct investigation into the varying behavior of 749 
individual moisture flux sources rather than assuming all the components behave in a similar 750 
manner as total ET.  751 
 752 
3.8.1 Winter Transport of T, C, and E 753 
 754 
          The predicted precipitation for each moisture flux using Equations (6)-(8) captures both 755 
the spatial patterns and the magnitude of CESM-simulated North American precipitation sourced 756 
from T, C, and E individually (Supplemental Figures 3-8). The winter divergence fields reveal 757 
disparate behavior for each moisture flux source (Figures 15-17b). T-divergence is confined 758 
primarily to the southern regions of the continent where vegetation remains active during the 759 
winter months and T is the highest (Figure 15a). Unlike T-divergence, both C and E divergence 760 
extend from Central America to southern Canada. Consistent with the C field (Figure 16a), the 761 
magnitude of winter C-divergence is highest in the PNW, PFC, and SMM regions and is 762 
moderately high across much of the central and southeastern US. The magnitude of E-divergence 763 
is also high in these regions, though the maximum magnitude of E-divergence occurs in the 764 
Great Lakes region. While the E field closely aligns with E-divergence, the E in both the SMM 765 
and OHV regions exceeds their respective divergence values (Figures 17a-b). As noted in 766 
Section 3.5, using our framework, differences between the evaporation and divergence fields can 767 
arise from high amounts of internal recycling or from moisture export out of the North American 768 
domain. Though the percent of local recycling from E is low in SMM (Figure 13a), total local 769 
recycling is high (Figures 6a-b). Conversely, local recycling in the OHV region is relatively low 770 
(Figures 6a-b), but the contribution of E to local recycling is very high (Figure 13a). In both 771 
cases, recycling and their proximity to the oceanic regions (leading to an increased amount of 772 
moisture export leaving the North American domain) likely reduces their overall divergence 773 
values. Despite varying behavior in the divergence fields, all three fluxes have the highest 774 
convergence magnitudes along the eastern coast of North America during the winter season. 775 
However, maximum C-convergence and E-convergence is confined further northeast than T-776 
convergence (Figures 15-17c). This is likely a result of higher T-divergence in Central America 777 
converging in the southern and southeastern US allowing maximum T-convergence values to 778 
extend further south than E or C-convergence. This behavior is consistent with high percent 779 
contributions of T to total imported precipitation during the winter season in the SCP and SSE 780 
regions (Figure 14a).  781 
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3.8.2 Spring Transport of T, C, and E 782 
 783 
          As vegetation becomes more active across the continent during the spring season, the T 784 
field increases (Figure 15d), and the resulting T-divergence shifts north from the winter season 785 
(Figure 15e). The southern US plains, southeastern US, and SMM region have high amounts of T 786 
flux and T-divergence. Though the SSE and SMM regions have the largest T flux during the 787 
spring season, the T-divergence is largest in the central and southern plains indicating that the 788 
SSE and SMM regions either recycle the excess T moisture or it is exported out of the North 789 
American domain. Local recycling is high in both regions, particularly in SMM (Figures 7a-b), 790 
and T is the largest contributor to recycled precipitation in both regions (Figure 13b). As with the 791 
winter season E, the combination of local recycling and proximity to the coasts likely reduce the 792 
T moisture divergence from these regions. Unlike the T-divergence, C-divergence remains 793 
relatively unchanged between the winter and spring seasons (Figure 16e). Both the highest C 794 
flux and the highest C-divergence remains in the PNW, PFC, and SMM regions, though C-795 
divergence increases across the central/southern plains in the US during the spring. The spring E-796 
divergence field is moderately high across the entire western half of the US with the highest 797 
magnitudes along the US west coast and in the central/northern plains. The C and E evaporation 798 
fields are fairly consistent with their respective divergence fields during the spring season, 799 
though C is higher in the SSE and E is higher in the OHV than their divergence values (Figures 800 
16-17d). Though E contributes more to internal recycling in the OHV region than the other two 801 
moisture fluxes (Figure 13b), local recycling remains low during the spring season (Figures 7a-802 
b). The inconsistencies between the evaporation and divergence fields indicate both regions 803 
export a considerable amount of moisture out of North America. Despite differences between the 804 
divergence fields, the spring convergence fields are very similar across the three fluxes (Figures 805 
15-17f). The northern half of North America (with the exception of the immediate west coast) 806 
generally has the highest values of convergence for all three fluxes. Additionally, the SCP region 807 
has a high convergence magnitude for each flux, likely the result of divergence fields from 808 
Central America.  809 
 810 
3.8.3 Summer Transport of T, C, and E 811 
 812 
          The convergence magnitudes for all three fluxes remain high across the northern half of 813 
the continent during the summer while both the western and southern portions of the continent 814 
have very low convergence magnitudes (Figures 15-17i). Both the T and T-divergence 815 
maximums also shift north from the central/southern US plains in the spring to the 816 
central/northern US plains and the Canadian Prairies during the summer (Figures 15g-h). Given 817 
that the model configuration used in this study includes both crop management and irrigation, the 818 
northward seasonal shift in maximum T-divergence could be related to agricultural harvesting 819 
and irrigation patterns, though this is not addressed directly in this study. The T evaporation field 820 
is consistent with the T-divergence field across the continent except for the OHV and NEE 821 
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regions where the amount of T far exceeds the divergence (Figures 15g-h). Although T is the 822 
dominant moisture source for local recycling in both regions (Figure 13c), recycling is relatively 823 
low (Figures 8a-b). The differences between T and T-divergence in the OHV and NEE regions 824 
are attributed to atmospheric circulation exporting excess evaporation into the Atlantic Basin. 825 
Similar to T-divergence, summer C-divergence is high across the Canadian Prairies and 826 
central/northern plains, and is also high in the SCP, SSE, and SMM regions (Figure 16h). 827 
Despite higher amounts of C in the SSE and SMM regions, the C-divergence is highest in 828 
western Canada and the central US indicating more C-moisture exported from these regions 829 
converges and precipitates within North America. Additionally, summer local recycling is very 830 
high in both the SSE and SMM regions (Figures 8a-b), and C moisture comprises over 35% of 831 
the recycled moisture in each region (Figure 13c, Supplemental Table 7b). This implies that both 832 
regions export C moisture off the coast of North America and recycle large quantities of C 833 
moisture, reducing their C-divergence. The magnitudes of E-divergence are highest across much 834 
of central/western US and southern Mexico, and E-divergence is generally higher (lower) in the 835 
regions where C-divergence is lower (higher) (Figure 17h). This behavior is consistent with 836 
studies showing that as interception increases, soil moisture (and the resulting soil evaporation) 837 
decreases (Lawrence et al., 2007). The maximum summer E-divergence occurs in the PNW 838 
region, likely leading to the high E-convergence values in the WIP, EIP, and UPR regions 839 
(Figure 17i). The E fields for several regions are inconsistent with the E-divergence during the 840 
summer season (Figures 17g-h). The OHV, NCA, ALC, CMM, and SMM regions all have 841 
higher E magnitudes than their respective E-divergence fields suggest. Each of these regions 842 
borders at least one ocean (NCA, CMM, and SMM border two), so moisture export loss to the 843 
oceans is likely. Additionally, summer recycling is very high in the CMM, SMM, and NCA 844 
regions, further reducing the amount of E available for export (Figures 8a-b). The E and E-845 
divergence fields are also inconsistent between the PNW and UPR regions. Both regions have 846 
relatively equal E magnitudes, but the PNW E-divergence magnitude is much greater than the 847 
UPR E-divergence (Figures 17g-h). This difference is largely attributed to the increased land 848 
area available for PNW E moisture to precipitate given a traditional westerly atmospheric flow 849 
across North America. This also allows PNW moisture to precipitate as a result of topography in 850 
the UPR region, while much of the UPR E moisture may evaporate east of the model’s resolved 851 
topography, limiting the orographically-induced precipitation.  852 
 853 
3.8.4 Fall Transport of T, C, and E 854 
 855 
          During the fall season, the highest convergence values for all of the fluxes cluster in the far 856 
northeastern portions of North America (Figures 15-17l). T-convergence in particular stays 857 
relatively confined to the northeast, while C-convergence has some moderately high values 858 
further west in the WIP, EIP, and UPR regions. As vegetation begins to die off in the fall season, 859 
both T and T-divergence maximums shift to the south and southeast (Figures 15j-k). The highest 860 
values of T occur in the SSE and SMM regions, but only the SSE has a very high magnitude of 861 
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T-divergence. While both the SMM and SSE regions recycle a lot of land-sourced moisture in 862 
the fall season (Figures 9a-b), the recycling in the SMM region exceeds that of the SSE by 863 
approximately 8% (Supplemental Table 4b). However, the contribution of T to local recycling in 864 
the SSE exceeds that of the SMM region by approximately 7% (Supplemental Table 7b). These 865 
results suggest that the inconsistencies between T and T-divergence in these two regions are less 866 
a function of recycling and more a function of atmospheric circulation. The T-divergence fields 867 
indicate that much of the exported T moisture from the SSE region converges in the northeast, 868 
while exported SMM T moisture is transported into the Atlantic. Unlike T-divergence, the E-869 
divergence field remains relatively unchanged spatially from the summer to the fall seasons, 870 
though the maximum E-divergence shifts from the US west coast to the Great Lakes region 871 
(Figure 17k). This shift is consistent with the shift in E from the summer to the fall season 872 
(Figure 17j). The largest inconsistency between fall E and E-divergence exists between the 873 
NMW and OHV regions. Both regions have low recycling values during the fall (Figures 9a-b) 874 
and E contributes a relatively equal percentage of recycling in both regions (Figure 13d). 875 
Consistent with the fall T/T-divergence differences, the differences between E and E-divergence 876 
are also likely a feature of atmospheric circulation conditions. Fall season C-divergence remains 877 
high across southern Canada and the southern/southeastern US, though it drastically decreases 878 
from the summer to the fall season in the central/northern US plains (Figure 16k). The main 879 
disparities between the C and C-divergence magnitudes occur in the CMM, SMM, NEE, and 880 
ALC regions (Figures 16j-k). Each region likely exports moisture out of the North American 881 
domain given their proximity to the ocean. Additionally, the fall recycling is considerably higher 882 
in CMM and SMM compared to most of the continent (Figures 9a-b) further limiting the C 883 
moisture available for export. The contribution of C moisture to local recycling is slightly higher 884 
in ALC than the NEE (34% vs 28%) potentially explaining the difference in the C-divergence 885 
between these two regions (Figure 13d, Supplemental Table 8b).  886 

 887 
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 888 
Figure 15. (a) Winter T, (b) winter divergence of locally evaporated T, (c) winter convergence of remotely evaporated T, (d) spring T, (e) 889 

spring divergence of locally evaporated T, (f) spring convergence of remotely evaporated T, (g) Summer T, (h) summer divergence of 890 
locally evaporated T, (i) summer convergence of remotely evaporated T, (j) Fall T, (k) fall divergence of locally evaporated T, and (l) fall 891 

convergence of remotely evaporated T. All units are normalized units of length per m^-1. 892 
 893 
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 894 
Figure 16. (a) Winter C, (b) winter divergence of locally evaporated C, (c) winter convergence of remotely evaporated C, (d) spring C, (e) 895 

spring divergence of locally evaporated C, (f) spring convergence of remotely evaporated C, (g) Summer C, (h) summer divergence of 896 
locally evaporated C, (i) summer convergence of remotely evaporated C, (j) Fall C, (k) fall divergence of locally evaporated C, and (l) fall 897 

convergence of remotely evaporated C. All units are normalized units of length per m^-1. 898 
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 899 
Figure 17. (a) Winter E, (b) winter divergence of locally evaporated E, (c) winter convergence of remotely evaporated E, (d) spring E, (e) 900 

spring divergence of locally evaporated E, (f) spring convergence of remotely evaporated E, (g) Summer E, (h) summer divergence of 901 
locally evaporated E, (i) summer convergence of remotely evaporated E, (j) Fall E, (k) fall divergence of locally evaporated E, and (l) fall 902 

convergence of remotely evaporated E. All units are normalized units of length per m^-1. 903 
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4. Discussion: 904 
 905 

4.1 The role of T, E, and C in regional precipitation 906 
 907 

The online water tracing simulation presented here indicates land surface ET supplies a 908 
considerable amount of moisture for precipitation within North America. The extended 909 
tracing capabilities in this model simulation, allowing for the explicit tagging of the 910 
individual moisture fluxes (T, C, and E), suggests varying contributions both seasonally and 911 
spatially from each flux source. The contribution of land surface moisture to total 912 
precipitation follows a seasonal cycle with minimum contributions during the winter season 913 
(DJF) and maximum contributions during the summer season (JJA) across the entire 914 
continent (Figure 4) (Dirmeyer & Brubaker, 2007; Gimeno et al., 2012).  In general, land-915 
sourced ET comprises the greatest fraction of total precipitation in the interior portions of 916 
North America, where the influence of ocean evaporation is diminished (Figure 4). However, 917 
distance from the coastline is clearly not sufficient to explain the heterogeneous spatial 918 
patterns of land-sourced precipitation. Instead, these patterns reflect features of the regional 919 
atmospheric circulation, topography, and vegetation type and distribution.   920 

  921 
During winter, the contribution of terrestrial ET to total precipitation is relatively small 922 
across North America due to a lack of photosynthetically active vegetation in the domain, 923 
consistent with the relatively high contribution (40 - 60% across much of the continent) of 924 
bare ground and lake evaporation (E) to land-sourced precipitation (Figure 4a and Figure 925 
9d).  However, land-based precipitation accounts for 15-20% of total precipitation across a 926 
southwest-to-northeast oriented swath from Central Mexico to the Great Lakes (Figure 4a). 927 
This pattern reflects the substantial land-based moisture transport of ET from Central Mexico 928 
and the South Central Plains towards the northeast within the prevailing winter southwesterly 929 
flow (as shown in the moisture export analysis), highlighting the key role of these land 930 
regions in shaping winter precipitation across a substantial portion of the Central U.S. 931 

 932 
As mean temperatures rise in spring, the contribution of terrestrial ET to precipitation 933 
increases across North America. In fact, terrestrial ET becomes the dominant source (50-934 
60%) of precipitation in the northern Central Plains of the U.S. and central Canada by this 935 
time (Figure 4b). This land-based precipitation maximum is equally sourced from E and T, 936 
highlighting the emerging role of vegetation and transpiration by spring (Figure 937 
10b).  Indeed, transpiration accounts for 40-50% of precipitation sourced from terrestrial ET 938 
for most of North America as early as the spring season.   939 

 940 
It is during the summer season however, that terrestrial ET, and in particular, vegetation, 941 
becomes the dominant regulating source for much of North America’s precipitation  (Figure 942 
4c, 14b-c).  With the exception of the immediate western coastline, all of North America 943 
north of 40°N receives in excess of 50% of their summer precipitation directly from the land 944 
surface, with contributions exceeding 70% in much of interior Canada and portions of the 945 
northern U.S. Great Plains and Intermountain West (Figure 4c). Similar results were obtained 946 
using the Dynamic Recycling Model (DRM) (Dominguez et al., 2006) and using a numerical 947 
budget (van der Ent et al., 2010), though we found higher contributions from the land surface 948 
further west in CESM. Maximum leaf cross-sectional area and density during summer allows 949 
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canopy evaporation to become an important source of ET, and therefore precipitation, in 950 
much of the U.S. at this time, highlighting the need to monitor and model above ground 951 
biomass for accurate prediction of summer precipitation (Figure 11c). For example, if instead 952 
of landing on the canopy and evaporating quickly back into the atmosphere, precipitation 953 
falls to the soil and infiltrates, the timing and magnitude of ET and subsequent precipitation 954 
will be inaccurate.  By fall, cooler temperatures and leaf senescence drive a reduced, though 955 
still important role for terrestrial ET in shaping precipitation, similar to that in spring (Figure 956 
4d). However, compared to spring, the contribution of transpiration to fall precipitation is 957 
smaller across much of North America, while the contribution of canopy evaporation to 958 
precipitation is greater (Figure 10 and Figure 12). In other words, the ratio of transpiration to 959 
canopy evaporation in fall is smaller than that in spring. This highlights the important role 960 
that the existing canopy in the fall season can have on interception and therefore subsequent 961 
canopy evaporation and precipitation despite the fact that these plants exhibit reduced 962 
photosynthesis and transpiration at this time.  963 

 964 
4.2 The role of recycling in shaping regional precipitation 965 

 966 
The water tracers utilized in this study tag moisture based on its geographic evaporative 967 
origin and on its surface flux pathway (E, T, or C), allowing for a detailed investigation of 968 
moisture recycling. In addition to providing information on a region’s reliance on remote and 969 
proximate moisture for precipitation, the study of each individual ET flux component within 970 
the context of recycling reveals key insights into the development of land surface feedbacks 971 
that can mitigate or amplify dry and wet periods. The purely physical components of ET (E 972 
and C) generally have shorter land surface residence times than the biophysical component of 973 
ET (T), and are sourced from reservoirs with minimum water storage capacity (the top soil 974 
layer and the surface of vegetation) (van der Ent et al., 2014).  In contrast, T has a larger 975 
water storage reservoir to draw from and (globally) has a delayed evaporative response to 976 
precipitation (van der Ent et al., 2014; Wang-Erlandsson et al., 2014). Therefore, a region 977 
that relies on E-based or C-based recycling rather than T-based recycling may be more 978 
susceptible to variability in recycling contributions to precipitation. This framework is used 979 
to inform the examination and discussion of recycling at the seasonal scale. 980 
 981 
During the winter season, appreciable recycling is confined primarily to southern North 982 
America within the SCP, CMM, and SMM regions (Figures 5a-b). These three regions 983 
largely comprise the southern half of the area of maximum winter land-surface contribution 984 
to total precipitation (Figure 4a), further indicating the importance of local-ET for 985 
precipitation in this portion of the continent. Given that E moisture dominates moisture 986 
recycling in the SCP and CMM regions during winter (Figure 13a), a lack of precipitation 987 
could quickly shut off the surface moisture available for local recycling, further reducing 988 
precipitation. Since the SMM region receives most locally recycled moisture from T (Figure 989 
13a), recycling may persist during short periods of reduced moisture import/precipitation 990 
from other regions, making internal recycling less vulnerable to sudden changes in 991 
precipitation, potentially reducing land surface amplification of drying.   992 
 993 
During spring, local recycling remains important in Central America and increases in 994 
importance across much of the western US, Canadian Prairies, and northern Canada (Figures 995 
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5c-d). Though local recycling contributes over 10% of the total precipitation in all of these 996 
regions (Supplemental Table 2a), recycling contributes the most to land-based precipitation 997 
across the southern US, the US west coast, northern Canada, and Central America (Figures 998 
7a-b). These results indicate that northern Canada, Central America, and the SWW region 999 
rely heavily on local ET, while the UPR, WIP, and EIP regions rely heavily on both local and 1000 
remote terrestrial ET for springtime precipitation. E moisture remains the primary supply of 1001 
locally recycled moisture in NCA, EIP, UPR, and SWW, while T supplies the most recycled 1002 
moisture in the CMM, SMM, and WIP regions (Figure 13b). Additionally, E contributes the 1003 
most to transported moisture in NCA, WIP, EIP, UPR, and SWW, while T supplies the most 1004 
in CMM and SMM (Figure 14b). This suggests that springtime recycling is highly 1005 
susceptible to changes in precipitation across much of the western US and Canada, and total 1006 
precipitation in the UPR and EIP regions is susceptible to both local and remote fluctuations 1007 
in precipitation. These results are consistent with previous analyses showing that across 1008 
much of the southern and western portions of North America where moisture availability is 1009 
the limiting factor for ET, strong correlations exist between soil moisture and ET (Dirmeyer 1010 
et al., 2008) during the spring season, indicating the need for consistent precipitation to 1011 
sustain local recycling. Indeed, knowledge of soil moisture in the western US provides 1012 
predictability of next day precipitation (Tuttle & Salvucci, 2016), further emphasizing the 1013 
sensitivity of precipitation in the region to local moisture availability. Given that this semi-1014 
arid to arid region of North America receives between 20-60% of total springtime 1015 
precipitation from land surface moisture (Figure 4b), further examining sensitivities to local 1016 
and remote precipitation changes for these regions will be critical for sustained water 1017 
resources.  1018 

 1019 
In summer, local recycling is a major supply of land-sourced precipitation across much of the 1020 
southern and western US, Central America, and northern Canada (Figures 8a-b). 1021 
Additionally, local recycling supplies over 17% of total precipitation across all of the western 1022 
US and Canada (except for PFC) (Figures 5e-f, Supplemental Table 3a). In both the UPR and 1023 
NCA regions, locally sourced ET moisture contributes over 25% of summer rainfall totals 1024 
(Supplemental Table 3a). Similar summer recycling ratio spatial patterns were found using 1025 
the DRM in Dominguez et al. (2006), though the DRM produced much higher recycling 1026 
ratios in the southeastern US compared with the results from our CESM water tracer 1027 
simulation, likely due to overestimates of ET in the southeast and the reliance on the well-1028 
mixed assumption. Since western North America serves as the source of much of its own 1029 
precipitation in summer, it is highly sensitive to changes in internal recycling. Indeed, 1030 
summer droughts in the Canadian Prairies are correlated with lower amounts of local 1031 
recycling (Raddatz, 2005). Regional intensification of drought episodes across the western 1032 
US have also been strongly linked to a lack of internal moisture recycling (Herrera-Estrada et 1033 
al., 2019), suggesting that sustained recycling is necessary for drought mitigation. 1034 
Additionally, many of the agricultural regions of the central US rely on moisture supplies 1035 
from the southern/western US (Bagley et al., 2012; Herrera-Estrada et al., 2019), indicating 1036 
the potential for droughts in the west to impact crop yields in one of the world’s 1037 
breadbaskets. In contrast with the spring season, both summer moisture recycling and 1038 
moisture transport are largely supplied by T sourced moisture in North America (Figure 13c). 1039 
However, the combination of E and C moisture to local recycling is over 50% in all of these 1040 
western regions except WIP and EIP (Supplemental Table 7). Since both of these moisture 1041 
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sources rely on a consistent supply of precipitation, local recycling (and in turn total 1042 
precipitation) across much of western North America is highly sensitive to changes in local 1043 
and regional precipitation.  1044 

 1045 
The precipitation contribution from internal local recycling decreases from the summer to the 1046 
fall season for much of North America. Central America, northern Canada, the EIP, and the 1047 
SWW regions receive the most precipitation from local ET sources (between 8-9% of total 1048 
precipitation) (Figures 5g-h, Supplemental Table 4a). Similar to the contribution of local 1049 
recycling to total precipitation, the contribution of recycling to land-based precipitation also 1050 
decreases from the summer to the fall across the western US and Canada. The highest 1051 
contributions of internal recycling to terrestrial sourced precipitation are in the SSE, CMM, 1052 
and SMM regions (all at or above 40%) (Figures 9a-b, Supplemental Table 4b). Despite 1053 
reductions in the contributions of local recycling, in the regions where local recycling 1054 
remains an important source of total rainfall, the land surface still contributes between 20-1055 
40% of the moisture for precipitation (Figure 4d). While less impactful than the summer 1056 
season, fluctuations in local ET supplies during the fall could still have major implications 1057 
for water supplies in portions of southern North America and western/northern Canada. With 1058 
the declining vegetation extent during the fall, T contribution to recycling decreases, and E 1059 
and C moisture dominate (Figure 13d). For regions where local recycling is an important 1060 
precipitation source (NCA, EIP, SWW, CMM, and SMM), the combination of E and C 1061 
moisture comprises over 65% of local recycling and 78% in the SWW region alone 1062 
(Supplemental Table 8). These physical components of ET require a constant source of 1063 
moisture and evaporative demand by the atmosphere. C in particular requires a constant 1064 
supply of moisture as rates of C are high during and immediately following precipitation, and 1065 
asymptotically approach zero just hours after precipitation has ended (Wang-Erlandsson et 1066 
al., 2014). The lack of T moisture recycling, particularly in the SWW, makes each of these 1067 
regions vulnerable to changes in local precipitation.   1068 

 1069 
4.3 The role of external moisture in shaping regional precipitation 1070 
 1071 
The mathematical framework developed in Section 2.2 and Appendix A in conjunction with 1072 
the online water tracers allows for the investigation of important North American sources 1073 
and sinks of land ET moisture. Specifically, the framework identifies those regions that are 1074 
critical in supplying moisture to other locations in North America, and those regions that 1075 
rely heavily on other North American regions for their precipitation. Additionally, by 1076 
utilizing the individual ET component tracers, we are able to examine the dependence of 1077 
each region on remote moisture convergence from the different moisture flux sources (E, C, 1078 
and T), providing insights into potential susceptibility to changes in remote precipitation. 1079 
We consider regions with a high divergence of locally evaporated moisture (referred to as 1080 
ET, T, E, or C divergence) as sources of terrestrial moisture and regions with a high 1081 
convergence of remotely evaporated moisture (referred to as ET, T, E, or C convergence) as 1082 
sinks of terrestrial moisture. Because our mathematical development of these terms 1083 
considers only moisture that originates and precipitates within the North America domain, 1084 
any moisture that evaporates from within North America and is exported out of North 1085 
America is not considered in the divergence term nor is evaporation from outside North 1086 
America that precipitates within North America considered in the convergence term. By 1087 
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restricting our study domain in this way, we are able to investigate key potential land 1088 
surface teleconnections within North America and exclude contributions from outside the 1089 
domain. Deviations between regional ET and the divergence of ET reflect the fact that some 1090 
ET is exported out of North America, and that some regions exhibit high internal recycling 1091 
(in both instances divergence values are less than ET values). 1092 
 1093 
ET divergence during the winter season is highest in the southern half of the continent and 1094 
in the US Great Lakes region (Figure 7b), fairly consistent with the ET evaporation fields 1095 
(Figure 7a). The corresponding winter convergence fields are highest in  magnitude along 1096 
the east coast, though moderately high values of convergence are present in the western US 1097 
and the PFC region as well (Figure 7c). The combination of the convergence and 1098 
divergence fields suggest much of southern North America and portions of the central US 1099 
supply most of the winter terrestrial-sourced precipitation for the continent. 1100 

 1101 
The convergence fields for the individual ET components are spatially similar to one 1102 
another, though C and E convergence are slightly higher than T convergence in the western 1103 
US and Canada, and T convergence is higher than C or E convergence in the southern/ 1104 
southeastern US (Figures 15-17c). Similarly, T divergence is generally higher in the 1105 
southern US and Central America, while E convergence is highest near the Great Lakes, and 1106 
C convergence is highest along the western coast of the US and Canada (Figures 15-17b). 1107 
These results suggest eastern North America receives high amounts of imported moisture 1108 
from each ET component. In the far northeast ALC region, where winter moisture import is 1109 
dominated by E (Figure 14a, Supplemental Table 9), most of that moisture is likely 1110 
attributable to the divergence of lake evaporation from the Great Lakes region (Figure 20b). 1111 
Additionally, ice cover in the Great Lakes has declined considerably in recent decades 1112 
(Wang et al., 2012), and a decline in ice cover is strongly correlated with increased levels of 1113 
evaporation from the lake surfaces (Mishra et al., 2010), suggesting ALC may see an 1114 
increase in winter precipitation as global temperatures rise. In contrast with the east coast, 1115 
imported precipitation (from within North America) in the western US and Canada is 1116 
dominated by E and C moisture (Figure 14a). Additionally, the divergence in the west is 1117 
concentrated in the SWC (T and E), the PNW (E and C), and the PFC (C) regions (Figures 1118 
15-17b). This suggests the western US and Canada rely on a few key source regions and on 1119 
moisture fluxes that are highly sensitive to precipitation frequency, making their wintertime 1120 
terrestrial precipitation vulnerable to changes in upwind winter precipitation. 1121 
 1122 
During the spring season, ET divergence is moderately high across all of North America 1123 
except for the far northern NCA and ALC regions, indicating increased moisture exchange 1124 
between different land regions (Figure 7e). Given the convergence and divergence fields, 1125 
terrestrial ET moisture appears to be generally sourced from regions to the south and west 1126 
of where the moisture converges, consistent with prevailing winds. This indicates the high 1127 
spring divergence of ET moisture from Central America is largely connected to the higher 1128 
convergence in the SCP region, the high divergence along the US west coast is connected to 1129 
the high convergence in the Canadian Prairies and northwestern US, and the high 1130 
divergence in the US southern/central plains is connected to the high convergence in the 1131 
northeast (Figures 7e-f).  1132 

 1133 
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The imported precipitation from each ET component source confirms that E is the primary 1134 
source of imported moisture during spring in western North America (high convergence 1135 
regions of the UPR, WIP, and EIP), while T is the primary imported moisture source in 1136 
central and eastern North America (high convergence regions of the SCP, OHV, NEE, and 1137 
NMW) (Figure 17b, Supplemental Table 10). The eastern ALC and EON regions are 1138 
exceptions as imported E exceeds that of T (Figure 17b, Supplemental Table 10), though 1139 
both regions are immediately downwind of the Great Lakes which exhibit high rates of 1140 
evaporation during the early spring season when the gradient between the air temperature 1141 
and lake temperature is large (Spence et al., 2013). The important role of canopy 1142 
evaporation transport also becomes apparent in spring as plants leaf out, contributing to 1143 
remote precipitation on both sides of the continent (Figure 19f).  1144 

 1145 
The T-, E-, C-convergence results indicate that spring precipitation in the Canadian Prairies 1146 
and Upper Rockies is likely vulnerable to springtime precipitation changes (those that 1147 
greatly affect E and C) in remote regions of the US Southwest and along the west coast of 1148 
the continent. These results are consistent with previous work linking droughts in the UPR 1149 
and southern EIP/WIP regions to decreased moisture transport from drought-stricken 1150 
portions of the US West Coast/Southwest (Herrera-Estrada et al., 2019).  The T-, E-, C-1151 
convergence also reveals the strong connection between transpiration divergence from the 1152 
south central plains and Southeast U.S. and transpiration convergence in the Northeast U.S., 1153 
highlighting the far-reaching impact vegetation can have on precipitation. Indeed, previous 1154 
work has shown that the length scale of T (the distance water molecules travel between the 1155 
evaporative source region and the location the molecule precipitates) is the largest of the 1156 
three components (van der Ent et al., 2014). This is likely the case because T-based 1157 
moisture, compared with E- or C-based moisture, is more likely to enter the atmosphere 1158 
during periods of dry weather and is therefore less likely to precipitate quickly.  1159 

 1160 
In summer, ET-divergence magnitudes are highest  in the central/northern US plains and in 1161 
the Canadian Prairies indicating that these agricultural hotspots are major suppliers of land 1162 
moisture for the rest of North America (Figure 7h). The low convergence values across the 1163 
southern half of North America and along the west coast further indicate local ET is crucial 1164 
for water supplies given most of these regions still receive between 30-50% of summer 1165 
precipitation from land surface moisture (Figure 4c). 1166 

 1167 
The summer convergence & divergence fields for the individual ET components reveal 1168 
several potential land moisture vulnerabilities for the North American continent. The T 1169 
convergence field is clustered entirely in the north and northeastern portions of the 1170 
continent (Figure 15i), while the T divergence field magnitudes are drastically higher in the 1171 
US central/northern plains and in the Canadian Prairies (Figure 15h). These results suggest 1172 
either land use/management changes (e.g., reduced irrigation) or severe/persistent drought 1173 
conditions, which stress vegetation and shut down transpiration, in the US and Canadian 1174 
agricultural regions could drastically reduce precipitation and potentially lead to drought 1175 
conditions across the north and northeast. Indeed, agricultural droughts have been shown to 1176 
decrease the moisture transport into the northeast (Herrera-Estrada et al., 2019), and 1177 
irrigation in the central US  has led to enhanced downwind precipitation (DeAngelis et al., 1178 
2010).  Knowledge of the strong link between transpiration in the central US and 1179 
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precipitation on the east coast provides a potentially valuable drought monitoring tool. As 1180 
plants become water stressed they conserve water and transpire less. Indeed, very high 1181 
correlations exist  between the Normalized Difference Vegetation Index (NDVI) (a 1182 
measure of plant health) and the Standardized Precipitation Index (SPI) (a measure of 1183 
meteorological drought) across the Northern US Plains during the summer growing season 1184 
(Ji and Peters, 2003). Plants are most vulnerable to drought conditions during their growing 1185 
stage when access to water is critical for plant development (Ji & Peters, 2003; Salter & 1186 
Goode, 1967). Given the extensive history of severe droughts across the central US and 1187 
Canadian Prairies (Rippey, 2015; Stambaugh et al., 2011; Woodhouse & Overpeck, 1998) 1188 
and the evidence of increasing drought variability across the region (Zambreski et al., 1189 
2018), close monitoring of land surface conditions within the agricultural regions of North 1190 
America are necessary for drought monitoring in the north/northeast.  1191 

 1192 
The individual ET component tracers also confirm that the south/southwestern portions of 1193 
North America receive the greatest contributions from E and C moisture to total imported 1194 
precipitation (Figure 14c, Supplemental Table 11). Not only does this region of North 1195 
America rely on E and C for moisture import, but as noted previously, local recycling (the 1196 
primary source of terrestrial precipitation) also relies heavily on C and E (Figure 13c). 1197 
Without a strong reliance on T, precipitation that falls in prior seasons is less able to buffer 1198 
against meteorological drought. Therefore, if much of the West experiences a deficit in 1199 
summer precipitation, drought in the Southwest U.S. could quickly intensify due to a lack of 1200 
recycling and a lack of regional moisture transport, making this region especially prone to 1201 
enhanced drought conditions. Paleoclimate records and tree ring analysis has revealed 1202 
western North America has experienced repeated drought episodes, including megadroughts 1203 
(multidecadal periods of increased aridity), in the past (Cook et al., 2004). Given the source 1204 
origins of moisture across the west, events of similar magnitude remain possible in the 1205 
present climate (Ault et al., 2018). 1206 

 1207 
Unlike the summer season, fall season ET divergence is spread across nearly all of North 1208 
America, though the highest divergence magnitudes are seen around the Great Lakes and in 1209 
the south/southeastern US (Figure 7k). ET convergence values are also spread across the 1210 
continent, but the highest convergence values are clustered in the northeast (Figure 7l). 1211 
Despite lower land surface moisture contributions during the fall season, ET moisture still 1212 
supplies 30-50% of the moisture for precipitation (Figure 4d), making land surface 1213 
teleconnections still critical for water supplies. 1214 

 1215 
The convergence values of each ET component are highest in the northeast as well and 1216 
lowest in the southern/western portions of the continent (Figures 15-17l). For southern and 1217 
western North America, E and C convergence values remain higher than T convergence, 1218 
further indicating these regions rely heavily on E and C moisture. T divergence is strongest 1219 
in the eastern half of North America and is particularly strong in the SSE region where T is 1220 
very high during the fall season (Figures 15j-k). Given the strong convergence values to the 1221 
north of the SSE region, the SSE (along with the immediate surrounding regions) likely 1222 
supplies the majority of the imported T moisture into the northeast. While the northeast 1223 
seemingly receives the majority of T convergence from the SSE region alone (a region that 1224 
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experiences several droughts due to both atmospheric and oceanic variability (Schubert et 1225 
al., 2021; Luo & Wood, 2007; Manuel, 2008)), transpiration often increases in the SSE 1226 
during droughts to meet the evaporative demand of the atmosphere (Kam et al., 2014). The 1227 
increased land/atmosphere coupling in the SSE during drought episodes likely helps 1228 
maintain a constant supply of ET moisture from the SSE, limiting the potential vulnerability 1229 
of northeastern North America. However, some studies have suggested both an increase in 1230 
the severity and frequency of droughts in the future in the southeastern US (including our 1231 
SCP and SSE regions) (Mitra et al., 2018), so the Northeast may become vulnerable in the 1232 
future if the Southeast remains the primary exporter of Northeast land moisture. 1233 

 1234 
5. Conclusion: 1235 

 1236 
In this study, we utilize the Community Earth System Model with online water tracers to 1237 
examine the influence of land surface moisture on North American precipitation. Additional 1238 
water tracing capabilities are implemented in the model to investigate the individual 1239 
contributions to precipitation from each of the components of ET (T, E, and C). Land surface 1240 
ET is a vital source of moisture for precipitation in North America throughout the year, 1241 
particularly during the summer season when the northern and northeastern portions of the 1242 
continent receive up to 80% of total rainfall from land surface moisture. Though the 1243 
contributions from the components vary both seasonally and spatially, annual-average 1244 
contributions show T moisture is the dominant component across the north and east, while E 1245 
moisture is dominant in the south and west.  1246 

 1247 
The water tracers also allow for the direct investigation of moisture recycling from each 1248 
defined land region across North America. During the warm seasons (Spring, Summer, Fall), 1249 
moisture recycling is highest across the western half of the continent with some regions 1250 
receiving up to 25% of total precipitation from internal recycling. Recycled moisture comes 1251 
from all three ET components, but like the contributions to precipitation, the contributions of 1252 
each component to recycling varies by season. E and C are the primary sources of recycled 1253 
moisture in North America during the winter and fall seasons, while the summer is 1254 
dominated by T, and the spring receives high contributions from all three components. 1255 
Across much of western North America where local recycling rates are highest, the recycled 1256 
moisture is comprised predominantly by E and C, which are both highly sensitive to changes 1257 
in precipitation frequency. Our results indicate dry conditions in western and southwestern 1258 
North America could quickly shut off the local recycling, amplifying drought conditions.  1259 

 1260 
Using the water tracers and a matrix formulation of moisture transport, we identify key 1261 
sources and sinks of land moisture seasonally across North America. In all seasons, eastern 1262 
and northeastern North America import large quantities of moisture from other North 1263 
American land regions, though the primary exports of land moisture vary seasonally. We 1264 
identify potential key land surface teleconnections based on these moisture transport fields. 1265 
Connections are found between Central America and the southern US, the southern/southeast 1266 
US and the Northeast, the central plains and the Northeast, the Canadian Prairies and the 1267 
Northeast, and the west coast and much of the interior western US/Canada. The individual 1268 
ET component tracers reveal that in general, the connections to the western US/Canada 1269 
primarily involve exports of C and E moisture, while the connections to the Northeast come 1270 
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from all three components. Our results indicate that imported precipitation in the interior 1271 
western US/Canada is vulnerable to concurrent (same season) changes in precipitation along 1272 
the west coast of the continent. Though the Northeast appears to import moisture from all ET 1273 
components and from several different regions, land use/management changes (such as 1274 
changes to irrigation) or severe droughts in the southern US, central plains, or the Canadian 1275 
Prairies could lead to strong reductions in Northeast precipitation, especially during the warm 1276 
season. 1277 
 1278 
Our study revealed potential land surface teleconnections and moisture vulnerabilities across 1279 
North America. While we focused here on the current state of the climate, many uncertainties 1280 
exist for how these land surface teleconnections will change in the future. There is much 1281 
uncertainty about the partitioning of ET into its three components under elevated CO2 levels 1282 
(Megis et al., 2015; Kirschbaum & McMillan, 2018). A longer growing season and increased 1283 
leaf-area index (LAI) could enhance T (Niu et al., 2019), while increased CO2 levels could 1284 
decrease plant stomatal conductance, increase plant water-use efficiency, and decrease T 1285 
(Lammertsma et al., 2011). Changes in the partitioning of ET could significantly alter the 1286 
precipitation teleconnections presented in this study and the resulting vulnerabilities we 1287 
identified. Additionally, many of the vulnerabilities we identified point to droughts in upwind 1288 
land moisture sources as a mechanism for reducing moisture transport. Studies have 1289 
suggested an increase in potential evapotranspiration in future climates leading to more 1290 
intense and longer-duration droughts across most of the US and southern Canada (Jeong et 1291 
al., 2014). Atmospheric moisture demand is also expected to increase in the future, 1292 
potentially leading to persistent droughts across the US (Dai, 2010). Increased aridity and 1293 
persistent drought episodes could enhance the vulnerabilities we have identified (assuming 1294 
these land surface teleconnections remain in the future climate). Future studies are needed to 1295 
identify how land surface teleconnections will change in future climates and how increased 1296 
aridity will affect those teleconnections. 1297 

 1298 
 1299 

 1300 

 1301 

 1302 

 1303 

 1304 

 1305 

 1306 

 1307 

https://doi.org/10.5194/hess-2021-284
Preprint. Discussion started: 11 June 2021
c© Author(s) 2021. CC BY 4.0 License.



 45 

 1308 
Appendix A: Domain Restriction Scaling for E = P 1309 

 1310 
 1311 
Here we show the scaling factor needed to restrict the domain of Equation (2) in Section 2.2. We 1312 
know that on a global domain, E+ = P+. Let us divide the global domain D with three disjoint 1313 
partitions such that 𝐷	 = 	𝐷# + 𝐷$ + 𝐷%.  1314 
 1315 

 1316 
 1317 
Using this domain,  1318 
 1319 
 1320 

 1321 
 1322 
 1323 
Since the partitions of D are disjoint, we can express the total E+& and P+& variables as a weighted 1324 
average of the partitions such that 1325 
 1326 

 1327 
 1328 
 1329 
where 𝛼 represents the area of the domain.  1330 
 1331 
We know that all of the available E that can be converted into P must be contained within the 1332 
closed set {D}. The P+ for each partition can be written as a linear combination of evaporated 1333 
moisture from each partition of D: 1334 
 1335 

 1336 
 1337 

 1338 
 1339 

 1340 

PD = ED (1)

ED = ED1(
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) + ED2(
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) + ED3(
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) = PD1(

αD1
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) + PD2(
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) + PD3(

αD3

αD
) = PD (2)
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αD1

αD

) = ED1(
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)(λ11) + ED2(
αD2
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)(λ31) (3)

PD2(
αD2

αD

) = ED1(
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 1341 
 1342 
where 𝜆"! is the fraction of precipitation from partition 𝑖 that falls in partition 𝑗. Note that for any 1343 
region 𝑖, the sum of all 𝜆’s must equal one 1344 
 1345 

 1346 
 1347 
 1348 
Placing equations (3)-(5) into equation (2), we obtain the following equality: 1349 
 1350 
 1351 

 1352 
 1353 
 1354 
If we restrict our domain of interest to include 𝐷# and 𝐷$ only, several terms can be removed 1355 
from equation (7). If our domain does not include 𝐷%, both the evaporation from and the 1356 
precipitation within 𝐷% must be subtracted out of equation (7). To remove all of the evaporation, 1357 
each term with 𝐸'% is subtracted out, and to remove all of the precipitation, each term with 𝜆"% is 1358 
subtracted out. Recall that  1359 
 1360 

 1361 

 1362 
 1363 

 1364 
 1365 
 1366 
After subtracting the five terms from each side of the equality in equation (7), we are left with 1367 
the following 1368 
 1369 

 1370 

n!

j=1

λij = 1 (6)
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 1371 
 1372 

 1373 
 1374 
 1375 
Isolating and re-writing the third and fourth lines of equation (10) leaves us with 1376 
 1377 
 1378 

 1379 
 1380 
 1381 
This straightforward result confirms the equality of E and P (using the assumptions introduced in 1382 
Section 2) on limited subdomains. This result can also be easily expanded to include 𝑛 partitions 1383 
of 𝐷 such that 1384 
 1385 

 1386 
 1387 
resulting in  1388 
 1389 

        1390 
 1391 
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When implementing equation (12-13) through the use of water tracers, the precipitation 1392 
component is simply the weighted average precipitation in the domain of interest from the 1393 
domain of interest (D1 and D2). The evaporation component requires the additional scaling term 1394 
to account for evaporation from within the region of interest (D1 or D2) that precipitates outside 1395 
the domain of interest (D3).  1396 
 1397 
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