
1. Introduction
The Great Lakes are the largest freshwater lakes in the world, with a surface area of 244,000  km 2 (Notaro 
et al., 2013). These vast inland freshwater bodies provide water for many purposes, including drinking, irrigation, 
shipping, ecological habitats, hydroelectric power generation, and recreation. The Great Lakes Basin is home 
to 34 million people and is one of the largest economic units in the world; it supports 1.3 million jobs, and $82 
billion in wages (Rau et al., 2018). Due to its massive size and the contrasting thermal characteristics (e.g., heat 
capacity, thermal inertia) between the lake and land, the Great Lakes profoundly influence their local and regional 
hydroclimate (Changnon & Jones, 1972). Locally, by supplying heat and moisture, the Great Lakes facilitate 
the formation of lake-effect snowstorms in winter and convective storms in summer (Notaro et al., 2015; Shi 
& Xue, 2019). Regionally, the lakes can modify atmospheric circulation and other mesoscale features, affect-
ing precipitation and water cycle outside the GLR in nearby regions (Bryan et al., 2015; Notaro et al., 2013; 
Petterssen & Calabrese, 1959; Sousounis & Fritsch, 1994; Wang et al., 2022).

Understanding the hydroclimate over the GLR is crucially important, because it impacts physical, ecological, 
economic, and cultural environments across North America. Changes in water levels within the Great Lakes 
are an important indicator of recent climate variations. Variations in Great Lakes water levels can be attributed 
to changes in regional precipitation (including overlake precipitation and terrestrial runoff), overlake evapora-
tion, lake interflows, and water withdrawal (Gronewold & Stow, 2014; Gronewold et al., 2015). For example, 
from the late 1990s through January 2013, there was an extended period of persistent low water levels caused 
by increased  lake surface water temperature, increased overlake evaporation, and decreased winter-ice cover 

Abstract Given the critical role of precipitation on hydroclimate, we quantified the contributions of 
moisture source regions to precipitation in the Great Lakes Region (GLR) using multiple reanalysis data sets. 
Results show that the Great Plains (GPs) and the GLR itself are the primary sources of moisture. The moisture 
sources for the double peaks in the GLR precipitation that occur in June and September are identified, which 
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through changes in atmospheric circulation.

Plain Language Summary Rain and snow are critical in determining how much water is in the 
Great Lakes—which in turn influences socioeconomic activity in the Great Lakes Region (GLR). Therefore, 
we need to understand where the moisture for rain and snow comes from, especially in a changing climate. We 
found that rain and snow over the GLR mostly originate from water vapor that comes from the Great Plains 
(GPs) and the GLR. The GPs contribute more water vapor in spring and summer, and the GLR contributes 
more in autumn and winter. We also found that when rain or snow is strong, much of the water comes from the 
GPs. On the other hand, when precipitation is weak, a large fraction of the water comes from the GLR itself. 
We did not find that significant increasing trend in the amount of rain or snow over the GLR over the past 
40 years; however, strong winds from the west bring more and more moisture from the mid-Pacific region each 
spring.
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(Gronewold & Stow, 2014). Lower water levels in the Great Lakes decreased cargo volumes by 5%–8% and 
drastically increased shipping expenses (Posey, 2012). Low water levels also affect water supplies, the usability 
of infrastructure such as docks and piers, and the ecosystems along shorelines (Posey, 2012). From January 2013 
to December 2014, the water levels of Lake Superior and Lake Michigan-Huron rose at a record-setting rate that 
was attributed to reduced evaporation rates during the cold 2013–2014 winter (Gronewold et al., 2015). In fact, 
recent high water levels drastically increased coastal flooding and erosion, resulting in both economic damage 
and loss of life (Huang et al., 2021). These water level fluctuations are expected to continue with climate change 
(Gronewold et al., 2021; Posey, 2012).

Precipitation is an essential component of net basin supply, which drives the lake water levels; hence, understand-
ing the hydrological cycle and moisture sources is crucial both to comprehend the historical hydroclimate and to 
project future changes (Gronewold et al., 2021). From a moisture balance perspective, evaporation, and precipita-
tion are the most critical factors controlling water level variations within the lakes (Gronewold et al., 2016). Stud-
ies have confirmed that local evaporation is insufficient to account for changes in precipitation and a significant 
portion of precipitation over the Great Lakes is contributed by moisture advected from outside the region (Bryan 
et al., 2015; X. Li et al., 2010; Minallah & Steiner, 2021; Steinschneider & Lall, 2016). While the contribution 
from local evaporation to total precipitation (i.e., precipitation recycling) is estimated to be between 12% and 
30% with seasonal variations over the GLR (Bryan et al., 2015), remote sources such as tropical moisture export 
from the Gulf of Mexico (GOM) also contribute to a significant portion of precipitation in the region (Lavers & 
Villarini, 2015). However, detailed spatiotemporal variations of the moisture sources and their contributions to 
the GLR still require further investigation.

This study uses an extended version of the Dynamic Recycling Model (DRM, Dominguez et al., 2006, 2008; 
Martinez & Dominguez, 2014) to quantify moisture contribution to the GLR precipitation based on multiple 
atmospheric reanalysis data. The DRM is a two-dimensional semi-Lagrangian analytical model that can quantify 
source regions of moisture. Unlike previous studies that treated the areas outside the GLR as a whole (e.g., Bryan 
et al., 2015), we defined several distinct regions outside the GLR and estimated their respective contributions to 
GLR precipitation. This information will help improve the predictive understanding of variations in lake water 
levels and the hydrological cycle of the GLR under a warming climate (Kayastha et al., 2022).

2. Data and Methods
2.1. Region of Study

We focused on the North American continent and its adjacent ocean (Figure 1) following the North American 
Regional Reanalysis (NARR, discussed later) domain. The entire domain is subdivided into 12 source regions: 
northeastern Pacific (N-PAC), eastern mid-Pacific (M-PAC), tropical Pacific (T-PAC), Canada and Alaska 
(CAN), western United States (W-US), the Great Plains (GPs), eastern United States (E-US), Mexico (MEX), 

Figure 1. Map of the 12 subregions used in our study.
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GOM, Caribbean Region (CARS), and the GLR itself. We tracked the moisture originating from each source 
region to the sink region, that is, the GLR. The boundaries of subdivisions of the continental United States are 
based on the Hydrologic Unit (HU, Seaber et al., 1987), which divides the country into 21 major geographic 
areas. We merged some of the nearby HU regions to form subdivisions (Figure 1) such that (a) the delineation of 
source regions is based on water basin boundaries instead of arbitrary state borders and (b) the number of source 
regions is manageable while maintaining adequate geographic details of the source regions.

2.2. Model and Data Description

In this study, we used the DRM to quantify moisture sources of the GLR precipitation. This offline analyti-
cal model assumes a well-mixed atmosphere. The well-mixed assumption implies the ratio of local recycled 
precipitation is equal to the ratio of local evapotranspiration to total precipitable water (PW) in the atmospheric 
column. Here the recycled precipitation refers to the precipitation that originates from local evaporation in 
the GLR. To obtain a more accurate moisture transport path, the trajectory of moisture is calculated based on 
column-integrated moisture-weighted mean wind at 3-hourly temporal resolution (for more details, see Equa-
tions 1 and 2 in Supporting Information S1). The daily evaporation, precipitation, and PW are state variables 
that are updated following the trajectory of moisture path, and the DRM is running and generating outputs on a 
daily time scale. Unlike simpler analytical models (Brubaker et al., 1993; Eltahir & Bras, 1994), the DRM can 
be used at daily time scales by considering the variations in moisture storage term (Dominguez et al., 2006). 
It has been shown to provide quantifications of moisture contributions that are similar to those provided by 
more sophisticated, physically based Weather Research and Forecasting models over South America (Martinez & 
Dominguez, 2014; Yang & Dominguez, 2019). For more details and derivations, refer to Dominguez et al. (2006) 
and Martinez and Dominguez (2014).

Variables needed to drive the DRM include daily averages of precipitation, evaporation, PW, and moisture-weighted 
zonal and meridional winds at 3-hourly resolution. We obtain these variables from a variety of reanalyses/anal-
ysis including the NARR for 1979–2019 (Mesinger et al., 2006); ERA-5 for 1979–2019 (Hersbach et al., 2020); 
MERRA-2 for 1981–2019 (GMAO, 2015); and NCEP final analysis (FNL) for 2016–2018 (National Centers 
for Environmental Prediction/National Weather Service/NOAA/U.S. Department of Commerce, 2000). Various 
reanalysis/analysis products are used for intercomparison, which ensures the robustness of our analysis.

To evaluate the reanalysis/analysis products in our study, we used precipitation data from four observation-based 
gridded data sets, including: University of Delaware Global Land Data V5.01 at 0.5° resolution (UDel, Matsuura 
& Willmott, 2018); Global Precipitation Climatology Centre (GPCC, Ziese et al., 2020) monthly precipitation 
data set at 1° resolution; Unified Precipitation Project from National Oceanic and Atmospheric Administration 
Climate Prediction Center (CPC, Chen et al., 2008; Xie et al., 2007) available at 0.5° resolution; and Rainfall 
Estimates on a Gridded Network (REGEN, Contractor et al., 2020) available at 1° resolution.

3. Results
3.1. Contributions of Different Source Regions to GLR Precipitation

The largest long-term moisture source regions for GLR precipitation are consistent among all reanalyses except 
NARR. When averaged over the MERRA-2, ERA-5, and FNL, contributions from the top three moisture sources 
are the GPs (∼35.3%), GLR (∼33.7%), and CAN (∼11%), respectively (Figures 2c–2e). In total, the top three 
moisture source regions account for 80% of GLR precipitation on average. However, NARR identifies M-PAC 
(27%), GPs (16%), and CAN (9%) as the top moisture source regions (Figure  2f). In addition, the moisture 
that originates through evapotranspiration from the entire domain (Figure 1) can account for more than 99% of 
precipitation in the GLR according to the MERRA-2, ERA-5, and FNL (Figures 2c–2e), but only 84% in NARR 
(Figure 2f). The DRM results suggest that the NARR domain can only cover 84% of precipitation over the GLR 
using NARR, which indicates that the remaining 16% must come from outside the domain in Figure 1. For a 
specific region, the change in PW is the balance of evaporation, precipitation, and moisture convergence. The 
convergence term is the amount of moisture transported to the region through moisture advection. In NARR, 
because evaporation is not assimilated (explained later) and is often underestimated, it will require more advected 
moisture to compensate, suggesting that more moisture from non-local source would be needed to meet the 
requirement of water balance. Unlike NARR, results using ERA-5 and MERRA-2 suggest that evaporation over 
the entire domain in Figure 1 is sufficient to provide all the moisture for the GLR precipitation. From a regional 
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water cycle perspective, ERA-5 and MERRA-2 depict a drastically different picture relative to the NARR, as 
the total area of the moisture source region is much smaller. Given the consensus among the other products, this 
suggests that there is a water imbalance in NARR and that we must be cautious of interpretations of the regional 
water cycle based on NARR. Hereafter we show NARR results for reference only.

A clear seasonal cycle is observed (Figure  2a) with low precipitation in February (1.50  ±  0.47) and March 
(1.67 ± 0.55 mm/day) and a high value in September (2.93 ± 0.70) and October (2.70 ± 0.68 mm/day). Another 
peak occurs in June (2.75 ± 0.71 mm/day), and together with the September high, this is known as the double 
peak of precipitation over the GLR (Minallah & Steiner, 2021). It is clear that the rise in precipitation in early 
summer is mainly associated with moisture that originated from the GPs (Figure 2b). Starting in July, the contri-
bution from the GPs gradually decreases, while the contributions from the GLR increase and peak in September. 
Thus, the double peak is the result of this shift in peak timing of moisture originated from the GPs and the GLR.

The GLR and GPs are leading moisture sources throughout the year: the GLR leads in the autumn and winter 
(September–November and December–February; on average 37% in ERA-5 and 35% in MERRA-2, Figure 
S1 in Supporting Information  S1), while the GPs are top in the early spring and summer (March–May and 
June–August; on average, 43% in ERA-5 and 41% in MERRA-2, Figure S1 in Supporting Information S1). In 
autumn and winter, lake surface temperature is typically warmer than the overlying air temperature (Kayastha 
et al., 2022; Xue et al., 2017), which facilitates evaporation from the lake surface and enhances the local recycling 
of moisture (Miner & Fritsch, 1997). During spring and summer, however, the lake surface temperature is cooler 
than the overlying air temperature due to the different thermal inertia of the lake water versus air temperature 
(McCombie,  1959). Lake evaporation is constrained due to this temperature inversion, resulting in relatively 
weak local moisture recycling over the GLR (Figures 2a and 2b). Meanwhile, moisture that originated from 
evaporation in the GPs rises with the gradual warming of land surface temperature during the summertime. 
Then the GPs low-level jets facilitate the transport of the GPs evaporation to reach GLR (Song et  al.,  2022; 
Yang et al., 2020), resulting in more than 40% moisture contribution of GPs to GLR precipitation. This result is 
consistent with a study focused on the circulation patterns that are responsible for precipitation over the Midwest 
(Zhang & Villarini, 2019).

3.2. Moisture Contributions at Different GLR Precipitation Quantiles

The number of days with weak and strong GLR precipitation in the warm (June–August and September–
November; summer and fall, respectively) and cold seasons (December–February and March–May; winter and 

Figure 2. Monthly mean precipitation over the Great Lakes Region (GLR) and its corresponding moisture contribution from different source regions. (a) Monthly 
mean precipitation using reference data sets, MERRA-2, ERA-5, and North American Regional Reanalysis. The black line indicates the monthly ensemble mean 
precipitation derived by considering Global Precipitation Climatology Centre, Rainfall Estimates on a Gridded Network, UDel, and Climate Prediction Center data. 
Error bars are the standard deviation. (b) Precipitation over the GLR originated as evaporation from the top three source regions according to MERRA-2 and ERA-5. 
NCEP FNL only contains 3 years of data and is therefore not shown. (c–f) Pie chart of moisture contribution from moisture source regions for different reanalyses. In 
panel (a), numbers in the legend indicate the annual mean precipitation and in panel (b) mean contribution from each listed source region, in units of mm/day.
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spring, respectively) are shown in Figures 3a and 3d. The weak and strong GLR precipitation days are defined 
as days with GLR precipitation less than the 25th percentile (lower quantile) and greater than the 75th percentile 
(upper quantile) of the long-term annual GLR precipitation climatology (see Supporting Information  S1 file 
for more details). During cold months, days with weak GLR precipitation occur more frequently, about 20 days 
more than its counterpart in the warm season (Figures 3a and 3d). This seasonal difference between the warm 
and cold season is statistically significant according to the two-sided Student-t test (Figure S2a in Supporting 
Information  S1). Similarly, during warm months, days with strong GLR precipitation occur more frequently 
(Figures 3a and 3d), about 20 days more than its counterpart in the cold season (Figures 3a and 3d). The seasonal 
difference is statistically significant as well (Figure S2b in Supporting Information S1). During the winter, precip-
itation is usually favored by large-scale meteorological forcing and the environment is more conducive to form 
non-convective precipitation (J. Li et al., 2021). In the summertime, the warmer land surface along with low-level 
jets in the GPs form favorable conditions for mesoscale convective systems (MCSs) over the GPs and Midwest 
(Feng et al., 2019; Song et al., 2022). These MCSs can move eastward into the GLR and bring widespread strong 
precipitation into the GLR (Feng et al., 2019; Qian et al., 2020). Hence the strong precipitation (upper quantile) 
occurs more frequently in the warm season over the GLR (Feng et al., 2019; J. Li et al., 2021).

For days with weak GLR precipitation rates, moisture contribution of the local recycled GLR evapotranspiration 
is dominant, accounting for ∼41% in MERRA-2 and ∼37% in ERA-5 of the GLR precipitation in terms of aver-
age amount (Figures 3b and 3e). Besides GLR itself, CAN, GPs, and M-PAC are the subsequent primary moisture 
source regions. According to MERRA-2, CAN evapotranspiration contributes to 23% and GPs contributes to 17% 
for the weak GLR precipitation in terms of average amount (Figure 3b). For the strong GLR precipitation days, 
the GPs is the leading source of moisture, responsible for 39% of the GLR precipitation during these more intense 
precipitation days (Figures 3d and 3h), compared to ∼35.3% for the mean precipitation averaged across ERA-5, 
MERRA-2, and FNL (Figures 2c–2e). In fact, as precipitation becomes more intense, the contribution from GPs 
evapotranspiration also becomes more important; for example, more than 40% of the GLR precipitation is linked 
to the GPs evapotranspiration for days with precipitation intensity greater than the 90th and 99th percentile aver-
aged over MERRA-2 and ERA-5 (not shown). These results highlight the importance of moisture contribution 

Figure 3. Number of days with the weak and strong Great Lakes Region (GLR) precipitation and the corresponding moisture contribution during the weak and 
strong GLR precipitation days. (a) Number of days in the warm and cold season that has GLR precipitation greater than 75th and less than 25th percentile of the GLR 
precipitation record. (b, c) Composite mean moisture contribution from the top four moisture regions when GLR precipitation is less than the 25th and more than the 
75th percentile of the GLR climatological precipitation. (a–c) and (d–f) are based on MERRA-2 and ERA-5, respectively.
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from the GPs to GLR for extreme precipitation; this is consistent with the circulation pattern Davenport and 
Diffenbaugh (2021) identified as being associated with extreme precipitation.

3.3. Trends in GLR Precipitation and Its Sources

For the long-term trend in annual mean GLR precipitation, no statistically significant trend is found in the refer-
ence data sets (Figure 4a). Note that REGEN shows a negative trend that disagrees with the other reference data 
sets, likely due to the lack of data after 2016. The contribution from M-PAC shows significant increasing mois-
ture trends in both MERRA-2 and ERA-5 according to the Mann-Kendall test (Gilbert, 1987; Kendall, 1975; 
Mann, 1945). The M-PAC moisture leads to an increasing rate of 3.5 mm/yr/decade in GLR precipitation, which 
amounts to nearly 63% and 17% of the overall increasing trend in GLR precipitation, as shown by ERA5 and 
MERRA-2, respectively.

On the seasonal scale, GLR precipitation shows a slight increasing trend in spring (7.6 mm/yr/decade; Figures 
S3b and S4b in Supporting Information S1) and a decreasing trend (−3.9 mm/yr/decade; Figures S3d and S4d 
in Supporting Information S1) in autumn, averaged for ERA-5 and MERRA-2. The long-term trend in spring 
and autumn is consistent among different reference data sets with the same sign of change, although it is not 
statistically significant according to the Mann-Kendall test (Figures S5b and S5d in Supporting Information S1). 
It is likely that the competing trends in spring and autumn cancel out the long-term trend in annual mean GLR 
precipitation (Figure 4a). This also suggests a tendency of a more flat annual precipitation cycle in more recent 
years. When we compare the contributions from different source regions, both ERA-5 and MERRA-2 show 
statistically significant increasing trends for M-PAC (1.2 mm/yr/decade, on average) in spring (Figures S3b and 
S4b in Supporting Information S1), while no agreement can be found among different reanalyses in other seasons 
or other source regions. For instance, in ERA-5, GLR local recycled precipitation shows a significant increasing 
trend in winter (a rate of 6.1 mm/yr/decade; Figure S3a in Supporting Information S1)—and a decreasing trend 
in summer (−4.5 mm/yr/decade; Figure S3c in Supporting Information S1). However, MERRA-2 shows M-PAC 
and GPs contributions to GLR precipitation to be significant at 2.4 and 2.6 mm/yr/decade, respectively, in winter 
(Figure S4a in Supporting Information S1). This speaks to the fact that there is still uncertainty in the long-term 
trend using reanalysis products.

Figure 4. The long-term trend in the annual mean Great Lakes Region (GLR) precipitation and moisture contribution from different source regions. (a) Annual mean 
GLR precipitation and its trend from the reference data sets. (b–d) Are for different reanalyses. The dashed and dotted lines represent linear trend estimates—dashes 
for significant trends, and dots for insignificant trends. Besides the total precipitation, only those source regions with significant increasing trends are shown in panels 
(b–d). In the legend, the number in the parenthesis indicates the slope of the trend, in units of mm yr −1 decade −1.
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The increasing trend of moisture contribution from the M-PAC to the GLR precipitation is significant (Figures 4b 
and 4c). This is partly due to the increasing trend in spring (Figures S3b and S4b in Supporting Information S1). 
This is consistent in both ERA-5 and MERRA-2. Long-term evaporation over M-PAC shows no obvious trend 
(Figure S6a in Supporting Information S1), while zonal moisture flux over the moisture transport belt (35°–45°N, 
120°–90°W) is significantly increasing in spring (Figure S6c in Supporting Information S1), which facilitates the 
moisture transport from the M-PAC to GLR. This result suggests that the strengthened zonal moisture transport 
is responsible for the significant increasing trend of the M-PAC moisture contribution to the GLR precipitation.

4. Discussion and Conclusions
Water level change, mainly driven by precipitation, evaporation, and runoff, is critical for the ecosystem and 
socioeconomic activity of the GLR. Here we quantified the contributions from different moisture sources to 
precipitation over the GLR, using the DRM based on multiple atmospheric reanalysis data sets. We disentangled 
the double peaks in the seasonal precipitation cycle. Our results suggest that the first peak in June is mainly asso-
ciated with the moisture contributed by the GPs (Figure 2b); the second peak in September is associated with the 
gradually increasing contribution from GLR (Figure 2b).

The GPs and the GLR are the primary moisture source regions, accounting for about 35% and 34% of the GLR 
precipitation. This is consistent among MERRA-2, ERA-5, and FNL. In addition, the moisture that originates 
as evapotranspiration from the entire domain (Figure 1) can account for more than 99% of GLR precipitation 
according to the MERRA-2, ERA-5, and FNL (Figures 2c–2e). However, we found that results from NARR 
devi ate significantly from the other reanalysis products and identify M-PAC as the largest moisture source. Also, 
only 84% of GLR precipitation in NARR (Figure 2f) can be explained by the moisture in the study domain, 
suggesting that 16% of GLR precipitation must originate from outside the domain in Figure 1. We hypothesized 
that this discrepancy between NARR and other reanalyses is due to atmospheric water imbalance in NARR.

The framework of DRM requires precipitation, evaporation, PW, and moisture-weighted meridional and zonal 
winds to track moisture parcels. Therefore, the inconsistency between NARR and other reanalyses could be 
due to uncertainties associated with any of these inputs. The uncertainties embedded in the inputs would yield 
drastically different depictions of the regional water cycle. In fact, all reanalysis products used in the study assim-
ilate precipitation, although from different sources. For instance, the MERRA-2 precipitation (PRECTOTCORR, 
Reichle & Liu, 2014) is bias-corrected to the CPC unified daily precipitation over 42.5°S–42.5°N land areas; 
ERA-5 assimilates the radar-rain gage merged precipitation estimates over the CONUS (Lavers et al., 2022); and 
NARR uses on average 17,500 daily reports from the National Climatic Data Center's daily cooperative stations, 
River Forecast Center stations, and daily accumulations of the hourly precipitation data set (Higgins et al., 2000). 
Because of the assimilation and bias correction, seasonal and long-term trends in precipitation from the reanaly-
ses compare quite well with the observations (Figures 2 and 4).

Alternatively, due to the lack of evapotranspiration observations, evapotranspiration is more uncertain. For 
instance, M-PAC evaporation is around 0.4 in NARR, much less than the 3.6 and 4.4 mm/day in ERA-5 and 
MERRA-2, respectively (not shown). Overall, MERRA-2 and ERA-5 give better estimates of evapotranspiration 
compared to NARR. The amount of land evaporation shown by MERRA-2 is close to the amount we observed, 
partly because the model uses observed precipitation for land forcing (although ocean evaporation is overesti-
mated; Bosilovich et al., 2017). In addition, MERRA-2 employs a constraint to guarantee the net source of water 
from precipitation and surface evaporation equals the change in total atmospheric water (Takacs et al., 2016). 
Moreover, the monthly product of PW from Remote Sensing System Version-7 Release-0 (RSSV7) is assimilated 
in MERRA-2 to ensure good estimates over the ocean (Takacs et al., 2016).

In contrast, although NARR assimilates precipitation from a patchwork of sources across its domain (Shafran 
et  al.,  2004), the assimilation procedure is limited within columns, and focuses only on thermodynamics of 
the atmospheric column; no attention is paid to the dynamics (moisture flux divergence), the underlying land 
surfaces (e.g., evaporation), or the overall water balance (Nigam & Ruiz-Barradas, 2006). Therefore, evaporation, 
atmospheric PW, and moisture flux could be biased and cause water balance issues in NARR (Kanamaru & 
Kanamitsu, 2007; Nigam & Ruiz-Barradas, 2006; West et al., 2007). Following our previous analysis, NARR is 
less trustworthy compared to the other reanalyses and has water balance issues.

This study shows the potential of using DRM as a tool to analyze the regional water cycle more comprehensively 
than just showing the evaluations of precipitation, evaporation, or moisture flux divergence over a specific region. 
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For example, it can be used to diagnose or pinpoint the region or water cycle component that has uncertainties 
in a more comprehensive way by analyzing the moisture contribution from one region to another. Furthermore, 
it provides a framework for diagnosing future changes in the moisture source of the Great Lakes in the context 
of global warming.

At the seasonal scale, the largest regional source of moisture is the GPs in spring and summer; this region 
accounts for more than 35% of the GLR precipitation according to ERA5 and MERRA-2 (Figure S1 in Support-
ing Information S1). In autumn and winter, the GLR contributes the most moisture; it is responsible for more 
than 40% of GLR precipitation according to ERA5 and MERRA-2 (Figure S1 in Supporting Information S1).

We also examined the moisture sources for different GLR precipitation quantile ranges. Our results suggest that 
the local recycled GLR evaporation is more important for weaker precipitation, while the GPs are more important 
for more intense precipitation. We did not find a statistically significant increasing trend in GLR precipitation, but 
the contribution from M-PAC in spring has exhibited a significant increasing trend for the past 40 years, mainly 
due to the intensified zonal moisture transport from the mid-Pacific through changes in atmospheric circulation 
(Figure S6c in Supporting Information S1).

Limitations of the current study are discussed here. Since the trajectory of the air parcels is based on integrated 
moisture flux over the entire atmospheric column, the DRM can cause issues when strong vertical wind shear 
exists (Dominguez et  al.,  2020). This limitation can cause biases in moisture origins when evaluating events 
with strong vertical wind shear. The lack of observation of evaporation over the ocean suggests that moisture 
contribution from the ocean to GLR is hard to constrain. As discussed earlier, any uncertainty associated with the 
inputs could impact the results. Even the assimilated or bias-corrected precipitation from reanalyses has biases 
(Alexander et al., 2020). More reliable sources of input data would largely reduce these uncertainties. Future 
work will also benefit from more realistic hydrological components with more complex moisture-tracking algo-
rithms, such as the two-layer DRM (Dominguez et al., 2020).

In this study, we identified moisture source regions and quantified their relative contributions to GLR precipita-
tion. These insights are important for characterizing future changes in lake water levels, and for understanding the 
drivers resulting in these changes. This information is important because different regions will likely respond  to 
climate change differently. For example, northern areas in the United States are projected to become wetter, 
especially in the winter and spring, while southern areas, especially the Southwest, are projected to become drier 
(Melillo et al., 2014). These regional precipitation changes will inevitably affect the amount of evaporation and 
its subsequent role as a source of moisture for the GLR. The moisture source regions and their contributions are 
therefore expected to change in the future as the environment changes, due to the dynamical and thermodynam-
ical changes associated with the large-scale circulation and atmosphere-biosphere interactions through changes 
in land use/land cover (Bellomo et al., 2021; Devanand et al., 2020; Grise, 2022; Sikma et al., 2019; Sleeter 
et al., 2018; Wilson et al., 2012; Zappa, 2019). Although future changes based on GCMs are not examined in 
this study, the results of this study based on observation-constrained reanalysis data sets will help improve under-
standing the processes associated with the water cycle over the GLR and project future lake water levels. Based 
on the findings of this study, our next step will be to use GCMs to evaluate future changes in the GLR precipita-
tion and related changes in moisture sources.

Data Availability Statement
•  NARR data: https://psl.noaa.gov/data/gridded/data.narr.html.
•  REGEN data: https://zenodo.org/record/4922148.
•  GPCC data: https://psl.noaa.gov/data/gridded/data.gpcp.html.
•  UDel data: http://climate.geog.udel.edu/∼climate/html_pages/download.html.
•  ERA-5: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=form.
•  MERRA-2: https://disc.gsfc.nasa.gov/datasets?project=MERRA-2.
•  FNL: https://rda.ucar.edu/datasets/ds083.3/.
•  CPC Global Unified Gauge-Based Analysis of Daily Precipitation data provided by the NOAA PSL, Boulder, 

Colorado, USA, from their website at https://psl.noaa.gov.
•  All data and scripts related to the analysis of this manuscript are available at: https://doi.org/10.5281/

zenodo.6326808.
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