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Abstract During the last glacial period, precipitation minus evaporation increased across the currently
arid western United States. These pluvial conditions have been commonly explained for decades by a
southward deflection of the jet stream by the Laurentide Ice Sheet. Here analysis of state-of-the-art coupled
climate models shows that effects of the Laurentide Ice Sheet on the mean circulation were more important
than storm track changes in generating wet conditions. Namely, strong cooling by the ice sheet significantly
reduced humidity over land, increasing moisture advection in the westerlies due to steepened humidity
gradients. Additionally, the removal of moisture from the atmosphere by mass divergence associated with
the subtropical high was diminished at the Last Glacial Maximum compared to present. These same dynamic
and thermodynamic factors, working in the opposite direction, are projected to cause regional drying in
western North America under increased greenhouse gas concentrations, indicating continuity from past to
future in the mechanisms altering hydroclimate.

1. Introduction

The southwestern United States (SW U.S.) is the most arid region of the country, and any future changes in
water availability will have important consequences for human and other natural systems. Understanding
the causes of past hydrologic extreme periods may help to clarify possible future changes. One of the most
significant past hydrologic changes occurred at the Last Glacial Maximum (LGM) (~21,000 years ago, or 21 ka).
During the LGM, many currently dry catchments in the SW U.S. were filled with permanent lakes tens to
hundreds of meters deep (Mifflin & Wheat, 1979; Reheis et al., 2014). Additional proxy evidence for pluvial
conditions exists from the geochemistry of cave deposits (Asmerom et al., 2010; Wagner et al., 2010) and
of pedogenic opal (Maher et al., 2014), as well as vegetation assemblages preserved in packrat middens
(Oster et al., 2015).

It has been hypothesized that the wet conditions during the LGM were caused by a strengthened and
southward displaced jet stream forced by the Laurentide Ice Sheet (LIS) into the SW U.S. (Antevs, 1948;
COHMAP members, 1988). This hypothesis has been supported by model simulations of the LGM
(COHMAP members, 1988). However, new proxy evidence for dry glacial conditions in coastal California
(Lyle et al., 2012) and for synchrony of lake high stands across the SW U.S. (Ibarra et al., 2014; Munroe &
Laabs, 2013) now questions the jet stream hypothesis, by contradicting the latitudinal banding of moisture
anomalies expected from Pacific-sourced storms and the time-transgressive pattern of lake level change
predicted from northward retreat of the storm track as the LIS melted.

Extensions and alternatives to the jet stream hypothesis have been proposed to explain these more complex
patterns of moisture anomalies from the last glacial period. One study found that a meridionally compressed
and northwest-southeast trending jet stream best explains observed LGM moisture patterns (Oster et al.,
2015). Other alternative explanations invoke a southerly rather than westerly source of glacial precipitation
(Lyle et al., 2012), intensified and southward shifted atmospheric rivers (Lora et al., 2017), or an inverse appli-
cation of the “wet get wetter, dry get drier” phenomenon proposed for future climate, whereby cooling
causes existing patterns of atmospheric moisture divergence and convergence to weaken (Boos, 2012;
Quade & Broecker, 2009). Past attempts to test these hypotheses have focused strictly on either dynamic
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aspects of the flow or thermodynamic scaling of temperature changes and are unable to provide insight into
their relative importance.

Here we use state-of-the-art coupled climate model simulations of the LGM and preindustrial (PI) (1750 A.D.)
periods to provide the first full accounting of both dynamic and thermodynamic causes of atmospheric
moisture variations. Employing the atmospheric moisture budget calculation of Seager et al. (2010), we iden-
tify the factors responsible for moisture convergence in the atmosphere that balance the net precipitation-
evaporation (P-E) flux to/from the land surface.

2. Materials and Methods

We analyzed nine simulations completed for the Coupled Model Intercomparison Project phase
5/Paleoclimate Modeling Intercomparison Project phase 3 (CMIP5/PMIP3) (Table S1 in the supporting infor-
mation; Braconnot et al., 2012). These simulations were completed at varying resolutions, and their boundary
conditions generally followed PMIP3 protocols with a few exceptions (Text S1). We also analyzed 100 years of
a sensitivity experiment completed with the Community Climate System Model, version 4 (CCSM4), in which
CO2 concentrations were set to LGM values while all other boundary conditions altered in the CCSM4
CMIP/PMIP experiment (i.e., orbital forcing, ice sheets, sea level, CH4, and N2O) were set to PI values (Brady
et al., 2013). Brady et al. (2013) estimated that decreased CO2 and the LIS yield the most important global
mean radiative forcings in their CCSM4 LGM experiments (each about �2.7 W/m2). Radiative forcing from
surface albedo changes caused by sea level fall were significantly smaller (about �0.8 W/m2), while orbital
forcing and non-CO2 greenhouse gases were even less potent (Yoshimori et al., 2009). Given this information
and the likely strong regional effects of the LIS on western North America, we considered that comparing
results from the CO2-only simulation, termed LGMCO2, to the CMIP/PMIP experiments, termed LGMALL,
primarily indicated the effects of the LIS.

We performed an atmospheric moisture budget analysis using 100 years of monthly, pressure-level output
from each of the CMIP/PMIP model simulations. The moisture budget equation can be written as (e.g.,
Seager et al., 2010)

ρwg P � Eð Þ ¼ �∫
ps

0
u � ∇qþ q ∇ �uð Þdp� ∫

ps

0
∇ � u0q0

� �
dp� qsus � ∇ps (1)

where p is pressure, q is specific humidity, u is the horizontal vector wind, ρw is the density of water, the sub-
script s specifies surface values, overbars specify monthly means, and primes specify departures from
monthly means. The moisture budget in equation (1) states that precipitation minus evaporation from the
land surface is balanced by moisture convergence by atmospheric mean flow expressed as the sum of two
components representing advection and divergent flow (first integral), moisture convergence by transient
eddies (second integral), and a boundary term that represents flow of moisture along surface pressure gra-
dients (third term).

We applied a methodology from Seager et al. (2010) to further break down the advection and divergent flow
terms for each individual model into their thermodynamic and dynamic components, where the thermody-
namic component is related to changes in q and the dynamic component is related to changes in u. By
setting q to LGM-PI anomaly values and holding u constant at PI values, we estimated the thermodynamic
contributions to the advection term (ADVTD) and the divergent flow term (DIVTD). By setting u to LGM-PI
anomaly values and holding q constant at PI values, we estimated the dynamic contributions to the advec-
tion term (ADVD) and the divergent flow term (DIVD):

δADVTD ¼ �∫
ps

0
uPI � ∇δqð Þdp (2)

δDIVTD ¼ �∫
ps

0
δq∇ � uPIð Þdp (3)

δADVD ¼ �∫
ps

0
δu � ∇qPIð Þdp (4)

δDIVD ¼ �∫
ps

0
qPI∇ � δuð Þdp (5)

Geophysical Research Letters 10.1002/2017GL075807

MORRILL ET AL. LGM WESTERN U.S. MOISTURE BUDGET 336



where the subscript PI denotes mean preindustrial values and δ indicates the change from LGM to PI. The
total thermodynamic contribution was calculated as the sum of δADVTD and δDIVTD, and the total dynamic
contribution was calculated as the sum of δADVD and δDIVD.

We are unable to calculate the transient eddy flux directly, given that only monthly outputs of the variables
necessary for the moisture budget analysis have been archived for the CMIP/PMIP simulations. Instead, we
calculated P-E and moisture convergence by the mean circulation (i.e., the divergence of the vertical integral
of moisture transport), and then computed the transient eddy flux as a residual, as done successfully in pre-
vious studies (e.g., Wills et al., 2016). The CMIP/PMIP model output is available only on pressure levels; thus,
we used themethodology presented in section 5 of Seager and Henderson (2013) to calculate the integrals in
the first term of equation (1) and in equations (2)–(5) given that the lower limits of integration are different by
grid cell due to varying surface pressure. Following the recommendation of Seager and Henderson (2013), we
calculated the surface term as the difference between the divergence of the vertical integral of moisture
transport and the vertical integral of the divergence of moisture transport. We also applied a barotropic cor-
rection to the zonal and meridional winds at each atmospheric level to minimize the mass budget residual.
For all plots showing multimodel ensemble means, we used bilinear interpolation to convert each model’s
values to a 1° × 1° grid and then computed a simple average of all nine models.

To verify the models’ ability to realistically simulate LGM moisture conditions, we qualitatively compared
model output with paleoclimate indicators of precipitation-evaporation. We have primarily focused on lake
level reconstructions from closed-basin lakes, which are the most spatially complete and best dated proxy
comparison to model P-E. We used age-controlled lake level information from 16 lake basins to verify LGM
age (defined as 19–23 ka) for past lake shorelines (Table S2). All radiocarbon-dated shorelines have been cali-
brated using Calib 7.1 (Stuiver & Reimer, 1993) and IntCal13 (Reimer et al., 2013), with the 2 sigma error range
reported in Table S2.

By definition, however, P-E averaged over a closed basin in hydrologic steady state is 0, complicating our use
of lake level information to gauge changes in P-E through time (Broecker, 2010). There are several pieces of
evidence for positive P-E anomalies at LGM compared to preindustrial, however. First, the two most tempo-
rally complete lake level records, from Bonneville and Surprise, show rising lake levels through the LGM
(Ibarra et al., 2014; McGee et al., 2012; Oviatt, 2015). This indicates that lakes were not in steady state and

Figure 1. Vertically integrated moisture convergence (shading, kg m�2 s�1 × 10�4) and vertically integrated moisture
transport (vectors, in kg m�1 s�1) for (a) December–January–February and (b) June–July–August in the CMIP/PMIP
multimodel preindustrial ensemble. Polygon outlined in black shows the area averaged for (c) the annual cycle of
atmospheric moisture budget terms.
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that anomalous moisture convergence relative to PI occurred. Additionally, there is good evidence that sur-
face infiltration, water tables, and groundwater recharge rates were higher across the southwest United
States at the LGM compared to present based on pedogenic opal (Maher et al., 2014), spring and wetland
deposits (Quade et al., 2003), fossil groundwater (Kulongoski et al., 2009; Zhu et al., 1998), and speleothems
(Musgrove et al., 2001; Szabo et al., 1994). These are all further indications of net gain in water balance (P-E) in
the region at the LGM compared to present.

3. Results

In general, the CMIP/PMIP models reproduce important aspects of present-day hydroclimate in the SW U.S.
(cf. Figures 1 and S1 and Figures 1 and 2 in Seager et al., 2014). Today, the SWU.S. experiences an arid to semi-
arid climate with annually averaged precipitation-evaporation (P-E) values ~0.1 mm/day. The region has a
strong seasonal cycle in its atmospheric water budget, with moisture convergence in the winter andmoisture
divergence in the summer (Figures 1a and 1b). Transient eddies converge moisture to the SW U.S., while
moisture advection and, to a lesser extent, the divergent component of the mean circulation that is asso-
ciated with subsidence in the subtropical high dry the atmosphere. The surface term, representing the flow
of moisture down pressure gradients, is also important in summer providing a wetting that counteracts the
drying tendency of advection.

Likewise, the CMIP/PMIP multimodel ensemble produces increased annual P-E across the SW U.S. at LGM
compared to PI (Figure 2a), as expected from proxy records. Coherency among the individual models in
the sign of the annual P-E anomaly is high (Figure S2). For the multimodel ensemble mean, P-E is increased
at LGM compared to PI in all months, though variability exists among models regarding the seasonality of
greatest P-E change (Figure 3).

Our moisture budget analysis using the CMIP/PMIP output suggests that mean circulation is more important
than transient eddies or the surface term in causing increased annual P-E (Figure 2a) at the LGM across the SW
U.S. (cf. Figures 2b, 2c, and 2e). In the multimodel ensemble, moisture convergence by transient eddies
weakens at the LGM across most of the study area, although the surface term shows some potential localized
contribution to moisture convergence. Even though fewer than seven of nine models agree on the direction
of change at the grid cell level for some moisture budget components (Figure 2), this threshold is generally
met or exceeded when components are averaged over the western North America polygon shown in
Figure 1 (Figure S3).

The CMIP/PMIP models, as documented by Oster et al. (2015), consistently simulate a stronger winter jet
stream over western North America but disagree regarding whether the jet was shifted southward. These
authors have also shown that the few CMIP/PMIP models with archived daily data simulate stronger and
southward shifted eddy energy (i.e., perturbations in the zonal and meridional wind speed) for the SW U.S.
at the LGM relative to PI. However, our assessment of the moisture converged by these wind speed perturba-
tions, considering thermodynamics in addition to dynamics in the same simulations, does not support
transient fluxes as a direct cause of higher P-E at the LGM. We infer that thermodynamical factors outweigh
dynamical factors in determining moisture convergence by transient eddies at LGM.

We divide changes in the mean circulation into dynamic (atmospheric motions) and thermodynamic (moist-
ure distribution) components, showing that aspects of both thermodynamics and dynamics contribute to
differences between LGM and PI (Figures 2f–2i and 3). The thermodynamic effect is driven by colder tempera-
tures at the LGM that, assuming a constant relative humidity, reduce the specific humidity of the atmosphere
according to the Clausius-Clayperon relationship. Further dividing the thermodynamic effect into its two sub-
components, that is, reflecting changes in the specific humidity gradient (i.e., δADVTH) and changes in the
specific humidity being diverged/converged (i.e., δDIVTH), shows that the former yields a greater contribution
(Figures 2f and 2h). The change in the specific humidity gradient occurs due to greater cooling toward the LIS
at the LGM, leading to a weakened (strengthened) humidity gradient in summer (winter) when advection is
drying (wetting). Thus, moisture advection by the mean westerlies is enhanced in both seasons, with maxi-
mum anomalies centered on the 700mbar level (Figures S4 and S5). This effect is weakest in the winter across
most of the models (Figure 3), reflecting the fact that the smallest absolute change in specific humidity gra-
dient occurs during the coldest season of the year. Wind speeds slow from winter to spring and summer, but
this effect onmoisture advection is diminished by the fact that wind vectors near the 700mbar level also shift
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from westerly to southwesterly, becoming more perpendicular to specific humidity contours during this
seasonal transition (Figures S5e–S5g).

Dynamic components of the changes in mean circulation moisture convergence include changes in the
strength of the westerlies (δADVD) and of the divergent circulation (δDIVD; i.e., subtropical high and downwel-
ling branch of the Hadley circulation). Further subdividing the dynamical contribution into these subcompo-
nents (Figures 2f, 2h, and 3) clearly shows that the latter is critical for maintaining positive P-E anomalies at
the LGM. This effect generally lasts year-round (Figure 3) and is associated with a weakening of subsidence
and of the subtropical (North Pacific) high (Figure S6). This weakening of subsidence appears to be a

Figure 2. Annual mean atmospheric moisture budget component anomalies for CMIP/PMIP multimodel ensemble LGM
experiments compared to PI. (a) Precipitation minus evaporation for LGMALL experiments, which incorporate LGM
orbital forcing, greenhouse gas concentrations, ice sheets, and sea level change. (b) Moisture convergence by the mean
circulation in LGMALL. (c) Moisture convergence by transient eddies in LGMALL. (d) Precipitation minus evaporation for
the LGMCO2 simulation completed with the CCSM4, which incorporates LGM CO2 levels with all other boundary conditions
set to preindustrial values. (e) Moisture convergence by the surface term in LGMALL. (f–i) Dynamic and thermodynamic
contributions to moisture convergence by the mean circulation in LGMALL. Stippling indicates agreement among at least
seven of the nine models on sign of anomaly. Black lines show the drainage basins of lake level records listed in Table S2.
The location of the LGM ice sheet is shown by semitransparent gray shading.
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regional phenomenon, as most other areas under the influence of subtropical highs experience increased
subsidence at the LGM compared to PI (Figure S6), related to increased latitudinal temperature gradients
and strengthening of the Hadley circulation (e.g., Otto-Bliesner & Clement, 2005). Indeed, analysis of a
model participating in PMIP2 indicates that multiple factors probably weakened the North Pacific high at
LGM; most importantly, the high albedo of the LIS reduced the land-ocean difference in diabatic heating
in summer, and anomalies in the midlatitude SST gradient altered heat and momentum transport in the
storm track in winter (Yanase & Abe-Ouchi, 2010).

Evidence for increased precipitation-evaporation at LGM compared to present exists across a broad climatic
gradient defined by the seasonality of precipitation (Figures 4a and S7). It is noteworthy that the causes of
anomalously positive atmospheric water budget during the LGM relative to PI do not vary substantially across
this gradient. For both northern (more winter-dominated precipitation) and southern (less winter-dominated
precipitation) subregions, mean circulation changes associated with weakening in the specific humidity gra-
dient under constant relative humidity and in mass divergence are key contributors to anomalous moisture
convergence at LGM (Figures 4b and 4c). One difference between these two regions is in the seasonality of
the P-E anomalies. The Great Basin (north) experienced consistent, year-round P-E anomalies relative to PI
times albeit with a peak during the summer half year caused by the thermodynamic component of

Figure 3. Seasonal cycle of anomalies (LGMALL-preindustrial) in the thermodynamic (TH) and dynamic (D) contributions to
the mean circulation divergence and advection in the CMIP/PMIP multimodel ensemble and in the nine models that
compose the ensemble. Values have been averaged over a polygon in western North America, as delineated in Figure 1.
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Figure 4. Subregional analysis of anomalous atmospheric moisture budget components. (a) The areal extent of the northern (more dominated by winter precipita-
tion) and the southern (less dominated by winter precipitation) subregions shown with winter precipitation percentage calculated from the preindustrial CMIP/PMIP
ensemble mean. LGM-PI budget components for the (b) northern and (c) southern subregions.
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advection, while the south experienced peaks in both the summer monsoon and winter seasons relative to PI
times. Another important difference between these regions is the relative importance of the surface term
that, while difficult to interpret in a physical way, contributes significantly to anomalous moisture conver-
gence during the winter in the south.

Lowered CO2 levels contribute very little to moisture changes observed at the LGM, as shown by the LGMCO2

experiment (Brady et al., 2013) (Figure 2d). Rather, the LIS is the most likely source of the moisture budget
changes at the LGM due to its extreme cooling effects on the mean circulation over North America. Thus,
even if the transient eddy impacts of the ice sheet are secondary to its mean circulation effects in terms of
creating wetter conditions in the western United States, increases in precipitation-evaporation at LGM would
likely have been muted in the absence of the LIS.

4. Conclusions

We have identified aspects of mean circulation changes that are critical for generating pluvial conditions
across the SWU.S. during the LGM using an ensemble of nine state-of-the-art climate models. Unlike previous
explanations for LGMmoisture that invoke a strengthening of processes that moisten the atmosphere in this
part of the world (i.e., transient eddy activity), our results point to the importance of the weakening of pro-
cesses that typically dry the atmosphere (i.e., mean moisture advection and the divergent circulation). In
other words, gains to P-E during the LGM result partly from exporting less moisture from the SW U.S., not just
importing more.

One caveat to this interpretation is that climatological shifts in transient eddy activity, as related to a storm
track shift or to intensification of atmospheric rivers, will impact the mean climate. This is particularly true
for western North America, where atmospheric rivers are an important source of moisture transport
(Newman et al., 2012). In fact, Lora et al. (2017) have argued that the CMIP/PMIP ensemble indicates a south-
ward shift and intensification of atmospheric rivers across the SW U.S. at LGM compared to PI. Our analysis
cannot completely rule out a role for transient eddy activity in generating pluvial conditions at LGM, but this
mechanism and the mean circulation changes that we describe do not have to be mutually exclusive. Several
points emerge to argue for mean circulation changes playing an important role, either with or without other
processes. First, changes inmoisture convergence between LGM and PI due to themean circulation are either
similar (in the case of δDIVD) or greater (in the case of δADVTD) during summer relative to winter, the main
season for transient eddy activity. Second, it is not too surprising that the large, mean state radiative forcing
of the LIS and its impact on temperature gradients would be capable of generating the sort of changes in the
mean circulation that we describe. Last, all models in the CMIP/PMIP ensemble generate positive LGM-PI P-E
anomalies over the SW U.S., despite the fact that they vary significantly in the degree to which they simulate
southward shifted storms (Lora et al., 2017). Future analyses with higher-temporal-resolution model output
will be necessary to resolve these issues.

Our results have two important implications for understanding hydrologic variations in the SW U.S. First, we
demonstrate that the PMIP subset of models being used to make future projections are successful in qualita-
tively capturing past known hydrologic variability in this region. Further work is necessary to determine
whether these models quantitatively reproduce the size of the moisture changes, rather than just the spatial
scale and the directional change. Additionally, other factors such as lake evaporation or precipitation recy-
cling from large lakes, which are not captured by the CMIP/PMIP simulations due to their omission of pluvial
lakes, can play an important role in determining lake level and the regional atmospheric water budget
(Hostetler et al., 1994; Pound et al., 2014). Second, our results highlight the central role that mean circulation
changes have played in determining P-E during the LGM; comparable hydrologic change is observed in lake
and speleothem records during past glacial maxima, and the mechanisms outlined here could also be rele-
vant for these changes (Lachniet et al., 2014; Oviatt et al., 1999). Other important findings from proxy records
of the last glacial and deglaciation highlight temporal variability in hydroclimate that we have not been able
to address using solely the CMIP/PMIP time slice ensemble, including the existence of lake highstands during
deglaciation (Lora et al., 2016; Maher et al., 2014; Wong et al., 2016). Further analysis of the atmospheric water
budget in transient simulations would test whether mean circulation changes explain this variability as well
as they do the glacial mean state.
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Future projections indicate that the SW U.S. will dry over the next century due to a combination of effects in
the mean circulation, both thermodynamic and dynamic (Lau & Kim, 2015; Seager et al., 2014, 2007). Melting
of the LIS during the last deglaciation is a fundamentally different climate forcing than increased anthropo-
genic atmospheric greenhouse gas concentrations, yet both apparently drive changes in the mass diver-
gence (Lau & Kim, 2015) and in atmospheric humidity associated with a land-ocean warming contrast
(Sutton et al., 2007). Thus, important parallels exist between past and future hydroclimate changes, though
continued future impacts to the hydroclimate of the SW U.S. over the next century are likely to develop at
a rate faster than that paced by the relatively slow, orbital-driven melting of the LIS.
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