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between the two factors is complex. Huang et al. (2016) 
indicate a persistent tripolar precipitation pattern over NA 
during 1948–2005, which resulted in drying tendencies 
across most Canadian regions (excluding the northeast), 
while contributing to the widespread wetting trends over 
the United States. The relative contributions of external 
forcing and internal variability to the driving mechanisms 
of this spatial pattern over NA remain unclear. Therefore, 
distinguishing the impacts of external forcing and internal 
variability is crucial for understanding past precipitation 
changes over NA and improving future projections for the 
region.

Increased greenhouse gas concentrations can raise tem-
peratures, enhancing the moisture-holding capacity of the 
near-surface atmosphere according to the Clausius-Cla-
peyron relation (Easterling et al. 2017; Prein et al. 2017). 
Precipitation has already exhibited a positive response to 
greenhouse gas emissions (Held and Soden 2006; Stephens 
and Ellis 2008; Pendergrass and Hartmann 2014). The influ-
ence of external forcing on regional precipitation variability 
has been extensively studied (Liu et al. 2023; Huang et al. 
2023; Jiang et al. 2023). Regarding the NA region, external 

1  Introduction

Precipitation variability across North America (NA) sub-
stantially impacts regional water resource security, agricul-
tural productivity, ecosystem stability, and the frequency 
of extreme climatic events (Grigg 2014; Littell et al. 2016; 
Chikamoto et al. 2017; Sugg et al. 2020). The variation in 
annual precipitation plays a critical role in drought events 
and the expansion of drylands (Feng and Fu 2013; Seager 
and Hoerling 2014; Seager and Ting 2017). Previous stud-
ies have documented that both anthropogenic forcing and 
internal variability have been identified as factors influenc-
ing NA precipitation changes (Ault and George 2010; Hu 
and Feng 2012; Zhang et al. 2024). However, the interplay 
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Abstract
The profound impacts of North American (NA) precipitation variability on drought, agriculture, and society make under-
standing its external and internal drivers critically important. However, most studies have focused on either external 
forcing or internal variability in specific NA regions, neglecting their combined effects across the entire continent. Here, 
we combine long-term observational data and CMIP6 simulations to find the distinct roles of anthropogenic forcing and 
low-frequency internal variability. Results reveal a long-term wetting trend primarily driven by greenhouse gas forcing, 
though systematically underestimated by models. Decadal precipitation oscillations are modulated by internal variability, 
especially the Interdecadal Pacific Oscillation (IPO), whose sea surface temperature anomalies trigger Rossby waves that 
alter moisture transport and establish a tripolar precipitation pattern. This pattern dominates NA precipitation variability at 
decadal scales, surpassing anthropogenic influences. From 2021 to 2050, the tripolar pattern is projected to persist, contin-
gent on IPO phase. By 2100, constrained projections under the SSP2-4.5 and SSP5-8.5 scenarios suggest a further intensi-
fication of precipitation increases. This study shows how NA rainfall responds differently to human influence and natural 
oscillations over decades, with implications for improving our ability to predict and attribute regional climate changes.
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forcing has contributed to both extreme precipitation intensi-
fication and the observed century-scale wetting trend across 
the northeastern United States (Kunkel et al. 2013; Agel and 
Barlow 2020). The mid-Atlantic region of the United States 
exhibits increased wetness during both summer and winter 
seasons, driven predominantly by external forcing factors 
(Dong and Leung 2022). Studies have demonstrated that in 
the west coastal regions of NA, the intensification of pre-
cipitation becomes more pronounced with increasing warm-
ing (Ma et al. 2020). Despite these insights, studies remain 
focused on specific regions, and a comprehensive under-
standing of externally forced precipitation changes across 
all of NA over the past century is still lacking.

In addition to external forcing, internal variability 
through various large-scale teleconnection patterns plays a 
critical role in modulating precipitation changes over NA, 
particularly on interannual to decadal scales. The Rossby 
waves triggered by El Niño and Southern Oscillation 
(ENSO) propagate along the great circle, moving poleward 
and eastward, and generate quasi-stationary circulation 
anomalies resembling the Pacific-North American (PNA) 
pattern, which alters the Pacific storm track and facilitates 
moisture transport toward NA (Wallace and Gutzler 1981; 
Leathers et al. 1991; Seager et al. 2005; Chen et al. 2018). 
On decadal time scales, low-frequency variability in the 
tropical Pacific, such as the Interdecadal Pacific Oscillation 
(IPO), significantly influences precipitation patterns over 
NA (McCabe et al. 2004; Hayhoe et al. 2007; Dai 2013; 
Xu and Hu 2018; Dong et al. 2021). The Atlantic Multi-
decadal Oscillation (AMO) also influences NA precipita-
tion on decadal time scales (Enfeld et al. 2001; Kushnir et 
al. 2010; Ruprich-Robert et al. 2018; Johnson et al. 2020; 
Huang et al. 2021). Yet, most studies cover only one or two 
full cycles of the AMO/IPO, limiting robust assessment of 
their decadal-scale influence on NA climate variability.

Although significant progress has been made in under-
standing the precipitation changes over NA, the comprehen-
sive attribution of annual precipitation changes to external 
forcing and internal variability remains poorly understood. 
At regional scales, if the observational record is insuffi-
ciently long, the climate system’s internal variability may 
mask anthropogenic signals (Huang et al. 2020; Wu et al. 
2021; Zhang et al. 2024). Therefore, this study utilizes long-
term precipitation data from CMIP6 models and observa-
tions, applying optimal fingerprint detection techniques to 
analyze the climatic impacts of anthropogenic forcing and 
internal variability, and compare their respective roles. Fur-
thermore, this study provides projections of decadal vari-
ability and long-term trends in future precipitation over 
NA. The remainder of this paper is arranged into five parts. 
Section  2 provides a detailed description of the datasets 
and methods used in this paper. Section 3 investigates the 

leading modes of precipitation and quantifies the contribu-
tions of external forcing. Section 4 elucidates the influence 
mechanisms of oceanic variability on precipitation. Sec-
tion 5 presents projections of future changes in precipitation 
over NA. Discussion and conclusion are offered in Sect. 6.

2  Data sets and methods

2.1  Data

We used two precipitation datasets to confirm the robust-
ness of decadal and long-term precipitation changes over 
NA. Both datasets have sufficiently long time scales: (1) a 
monthly precipitation dataset from the Climatic Research 
Unit (CRU) v4.05 with a 0.5° horizontal resolution cov-
ering the period from 1901 to 2020 provided by the Uni-
versity of East Anglia (Harris et al. 2014). (2) a monthly 
precipitation dataset provided by the Global Precipitation 
Climatology Centre (GPCC) (Schneider et al. 2014) with a 
0.5° horizontal resolution from 1891 to 2020. The Extended 
Reconstructed Sea Surface Temperature (ERSST) dataset 
provided by National Oceanic and Atmospheric Admin-
istration (NOAA) Extended Reconstruction SST Version 
5 (ERSSTv5), begins in January 1854 continuing to the 
present, in grids of 2°horizontal resolution. The reanalysis 
dataset used in this study is derived from Twentieth Century 
Reanalysis version V3 (20CRV3) (Slivinski et al. 2021). 
The horizontal resolution of 20CRV3 reanalysis data is 1°. 
The 20CRV3 data was only updated to 2015. The data was 
extended to 2020 using NCEP-DOE Reanalysis 2 (Kana-
mitsu et al. 2002). The atmospheric datasets employed in 
this study include geopotential height (z), specific humidity 
(q), vertical velocity (omega) and horizontal winds (u, v) at 
pressure levels.

2.2  Methods

2.2.1  Oceanic variability

The IPO index is defined as the detrended SST averaged 
over the tropical central-eastern Pacific (10° S–10° N, 170°–
90° W) minus the detrended SST averaged over the northern 
Pacific (25°–45° N, 150° E–150° W), similar to a previous 
study (Cai et al. 2024). The AMO index (Trenberth and 
Shea 2006) is a detrended time series, defined as regionally 
weighted mean values of SST in the North Atlantic from 
(0°–70° N, 80° W–0°). The empirical orthogonal function 
(EOF) method was used to extract the IPO and AMO spatial 
patterns (Extended Data Fig. 2a, c).
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2.2.2  Leading modes of NA precipitation

The two leading modes of annual precipitation over NA 
are obtained through EOF analysis in the 11°–70° N, 
170°–53°W region. We use normalized annual precipitation 
anomalies to conduct the EOF analysis, and then the origi-
nal precipitation amount is regressed onto the correspond-
ing time series to obtain the spatial pattern. The results of 
EOF analysis are well separated from other modes accord-
ing to North test (North et al. 1982).

2.2.3  Model simulations

To investigate the role of external forcing in precipitation vari-
ability over NA, this study utilizes multimodel simulations 
from the Detection and Attribution Model Intercomparison 
Project (DAMIP) under the Coupled Model Intercompari-
son Project Phase 6 (CMIP6). Combined and individual 
forcing are considered, including all external forcing (ALL, 
including both anthropogenic and natural forcing), with all 
external forcing simulations covering a period from 1850 
to 2014 and are extended to 2020 using the Shared Socio-
economic Pathway 2–Representative Concentration Path-
way 4.5 (SSP2-4.5) emission scenario, natural forcing alone 
(NAT), greenhouse gas forcing alone (GHG), anthropogenic 
aerosol-only forcing (AA), and anthropogenic forcing alone 
(ANT, ALL-NAT) covering a period from 1850 to 2020. A 
total of 10 CMIP6 models are used because they can cap-
ture the rainfall characteristics of NA in the climatological 
mean (Extended Data Fig. 9). For each model, all realiza-
tions are included, resulting in 125 realizations for ALL 
forcing, 100 for NAT forcing, 93 for GHG forcing, and 125 
for ANT forcing. To evaluate future precipitation changes, 
projections under both the SSP2-4.5 and SSP5-8.5 scenar-
ios are also incorporated, covering the period from 2015 to 
2100 (Extended Data Table 1). The ACCESS-ESM1-5 and 
MIROC6 models provide a sufficient number of realizations 
(> 40) for both historical simulations and future projections 
under the SSP2-4.5 and SSP5-8.5 scenarios. Additionally, 
MIROC6 offers single-forcing projections under the SSP2-
4.5 scenario (see Extended Data Table 1). For the analysis of 
spatial patterns and optimal fingerprint detection, all simula-
tions are regridded to a common 1° horizontal resolution.

2.2.4  Optimal fingerprint detection and attribution

We employed an optimal fingerprinting method to attribute 
the influence of external forcing (Allen and Stott 2003; 
Ribes et al. 2017), which is based on a generalized multi-
variate linear regression model (Zhang et al. 2007, 2019). 
It is expressed as y = β(X − µ) + ε. Observed changes (y) are 
represented as a sum of various external (X) (“fingerprints”) 

drivers, plus the noise that cannot be explained by the exter-
nal forcing (ε). Because of finite-ensemble simulations, the 
sampling noise (µ) arises in the estimation of (X). The ordi-
nary least squares (OLS) regression was used here (Allen 
and Tett 1999; Douville et al. 2013; Wang et al. 2020; Sun 
et al. 2022). The scaling factor (β) plays a key role in deter-
mining the magnitude of the response to a specific external 
forcing in climate modeling. It adjusts the modeled response 
to best match the observed data, ensuring that the effects 
of the external forcing are accurately represented. A scaling 
factor (β) significantly larger than zero, with its 90% confi-
dence interval excluding zero, indicates that the influence of 
a particular forcing can be detected in the observed changes. 
Additionally, when the scaling factor (β) exceeds 1, it sug-
gests that the ensemble simulations are underrepresenting 
the observed response, while the opposite is true when the 
scaling factor is less than 1. In this study, the regularized 
optimal fingerprinting method is applied (Allen and Tett 
1999; Sun et al. 2022; Wang et al. 2020; Jiang et al. 2023), 
which operates without depending on EOF decomposition.

In this research, the optimal fingerprinting method is 
applied to the area-averaged precipitation over NA from 
1901 to 2020. Both the simulated and observed data are 
regridded to a 1° horizontal resolution prior to the regres-
sion analysis. To enhance the signal-to-noise ratio, the time 
series is processed using a non-overlapping 5-year moving 
average, resulting in 24 data points that filter out interannual 
variability.

Two separate sources are used to estimate internal vari-
ability (noise) in order to expand the sample size: pre-
industrial control simulations and intra-ensemble spread 
from single-forcing runs. The internal variability is derived 
from these two datasets, which collectively enhance the 
reliability of the estimation. In the single-forcing analysis, 
we performed a regression of the observed vector onto the 
simulated vector for each individual external forcing (e.g., 
y = βGHG(XGHG − µGHG) + ε).

2.2.5  Observationally constrained projections

Following the methodology of Zhang et al. (2007), the 
warming trends attributed to external forcing are esti-
mated by multiplying the corresponding scaling factors. To 
address potential underestimation of the model’s response 
to external forcing, we used the scaling factor derived from 
the one-signal analysis as constraints for future projections 
of precipitation, following the approach outlined in previous 
studies (Sun et al. 2014).

1 3

Page 3 of 15    429 



X. Fan et al.

3  Leading decadal precipitation patterns 
and attribution of external forcing

To investigate the combined effects of external forcing and 
internal variability on precipitation in NA, we analyzed 
observational datasets spanning the period from 1901 to 
2020. Results indicate that decadal precipitation variability 
over NA is primarily characterized by two dominant modes. 
The first mode exhibits a consistent pattern of precipitation 
variability across NA (Fig. 1a and Extended Data Fig. 1a), 
with the corresponding time series showing an upward trend 
from 1901 to 2020 (Fig.  1b and Extended Data Fig. 1b), 
indicating a general increase in precipitation over the past 
century. The second mode exhibits a tripolar precipitation 
pattern extending from northeast to southwest (Fig. 1c and 
Extended Data Fig. 1c). Precipitation across northeastern 
Canada and the southwestern United States exhibits out-of-
phase changes relative to western Canada and its southern 
region. The corresponding time series features pronounced 
decadal oscillations throughout the twentieth century 
(Fig. 1d and Extended Data Fig. 1d), rising in Period 2 and 
declining during Periods 1 and 3.

The long-term trend in observational data indicates a 
general wetting trend across NA (Fig. 2a, b). From 1901 to 
2020, the annual mean precipitation across NA has increased 
notably, with a trend of 0.37 mm per month per decade 
(Fig.  2c, p < 0.01). To assess the relative contributions of 
the different external forcing to this observed wetting, we 
applied an optimal fingerprinting method to individual 
forcing simulations. The results indicate that NA is more 
likely to become wetter under both ALL and ANT forcing, 
with GHG forcing showing a greater probability and more 
members, suggesting that greenhouse gases play a signifi-
cant role in the observed humidification of NA (Fig.  2c). 
However, NAT forcing does not exhibit a significant trend 
toward either wetting or drying, AA forcing is more likely 
to reduce precipitation in NA (Fig. 2c). The results of the 
optimal fingerprinting method also support these findings. 
Scaling factors (β) greater than zero were observed for ALL, 
ANT, and GHG forcing, whereas simulations with NAT and 
AA forcing could not account for the observed wetting in 
NA (Figs. 2d and 3c, e). Both ALL and ANT forcing under-
estimated the observed wetting (Figs. 2c and 3a, b). The 
GHG simulations closely match the observations (Figs. 2c 
and 3d). However, AA forcing can offset the precipitation 
increase induced by GHG forcing (Fig. 3b, d, e). The first 
mode is jointly influenced by greenhouse gases and aero-
sols, and we refer to this precipitation pattern as the external 
forcing precipitation pattern (Fig. 1a, b).

Although the external forcing precipitation pattern is pri-
marily driven by GHG forcing, the positive trends of pre-
cipitation over NA are spatially non-uniform. Precipitation 

2.2.6  Dynamic mechanism diagnostic methods

The eddy stream function and Plumb wave activity flux 
were used to examine the stationary Rossby wave trains. 
The eddy stream function indicates that the zonal mean of 
the stream function was removed. The Plumb wave activ-
ity flux was calculated based on the formula (7.1) in Plumb 
(1985).

To understand the dynamic and thermodynamic mech-
anisms responsible for the GHG forcing, we conducted a 
moisture budget diagnostic analysis using the atmospheric 
water budget equation (Seager and Vecchi 2010; Chou and 
Lan 2012; Ren et al. 2024), as outlined below:

P − E = − ⟨Vh · ∇hq⟩ − ⟨ω∂pq⟩ + res� (1)

Climatologically, precipitation (P ) is balanced by evapo-
ration (E), vertical moisture advection (− < ω∂pq >) and 
horizontal moisture advection (− < Vh · ∇hq >). where q is 
specific humidity, ω is vertical velocity, Vh is horizontal wind 
vector, res is the residual. The symbol <>= − 1

g

´ 0
ps

· dp 
denotes a mass vertical integration through the entire 
atmosphere.

Denoting δ as representing the trend form 1901–2020, 
and neglecting the submonthly transient eddies, the changes 
of the vertical moisture advection and horizontal moisture 
advection can be further divided into three terms:

−δ ⟨ω∂pq⟩ = − ⟨ωcli∂pδq⟩ − ⟨δω∂pqcli⟩ − ⟨δω∂pδq⟩� (2)

−δ ⟨Vh · ∇hq⟩ = −
⟨
Vh−cli · ∇δq

⟩
−

⟨
δVh · ∇qcli

⟩
−

⟨
δVh · ∇δq

⟩
� (3)

where overbars 
−
(·) indicate the monthly mean flow, and the 

qcli, Vh−cli and ωcli are the climatological mean monthly 
values of specific humidity, horizontal velocity and vertical 
velocity, respectively. The first term on the right-hand side 
of Eqs.  (2) and (3) is associated with the thermodynamic 
component (δTH) induced by monthly specific humidity 
anomalies, the second term denotes dynamic component 
(δDY) induced by monthly horizontal/vertical wind anoma-
lies, and the last term is defined as the nonlinear component 
(δNL) induced by monthly specific humidity anomalies and 
horizontal/vertical wind anomalies (Jin et al. 2020). Con-
sequently, the yearly P trend (δP) can be decomposed as 
follows:

δP − δE = −δ ⟨Vh · ∇hq⟩ − δ ⟨ω∂pq⟩ + res� (4)
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in both the climatology and long-term trend of specific 
humidity driven by climate warming (Easterling et al. 2017; 
Prein et al. 2017; Zhang et al. 2024), precipitation changes 
driven by vertical moisture transport are determined by ver-
tical velocity, whose spatial variations result in an uneven 
distribution of precipitation changes across NA (Extended 
Data Fig. 4e-h).

4  Mechanisms of internal variability 
modulating decadal precipitation changes

Precipitation over NA exhibits complex spatial and tem-
poral oscillations on a decadal scale. The second precipita-
tion mode (Fig. 1c, d) drives decadal variations in observed 
precipitation across NA. Periods 1 and 3 show similar 
precipitation trends, but they clearly differ from Period 2 
(Fig. 4a-f). Specifically, during Periods 1 and 3, precipita-
tion decreases in northeastern Canada and the southwestern 

decreases over southwestern NA but increases in other 
regions (Fig. 3d; Extended Data Fig. 3a, b). To investigate 
this uneven precipitation pattern under GHG forcing, we 
employ a land surface water budget analysis as described in 
the Methods. The area-averaged trend responses of the mois-
ture budget terms to GHG forcing are shown in Extended 
Data Fig. 3c, d. The increase in precipitation of northern 
NA is dominated by increasing trends of the vertical and 
horizontal dynamic components. The vertical dynamic 
and horizontal components lead to precipitation decreases 
in the southwestern NA. The horizontal dynamic compo-
nent provides an important background for the increase 
in precipitation of northern NA, which is characterized 
by wet advection from south to north (Extended Data Fig. 
4a, b). The horizontal thermodynamic component causes 
decreased moisture from land to ocean over NA, creating 
a land-sea moisture gradient opposite to the wind field and 
leading to reduced precipitation in both western and eastern 
NA (Extended Data Fig. 4c, d). Despite the positive changes 

Fig. 1  The two leading modes of precipitation variations over NA at a 
decadal time scale. a, c, The first (a) and second (c) leading modes of 
the EOF analysis of NA annual precipitation derived from the CRU. 
b, d, The corresponding time series of the first and second precipi-
tation patterns. Percentages in (a) and (c) denote the corresponding 

explained variances. The yellow shading in (d) represents the periods 
of decreased precipitation (period 1: 1924–1952 and period 3: 1983–
2016), while the green shading highlights the increased precipitation 
during period 2 (1953–1982)
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b), the trends in decadal precipitation are primarily driven 
by decadal variability (Fig. 1c, d). We will further explore 
the underlying mechanisms responsible for the second pre-
cipitation mode.

The positive phase of the IPO is typically characterized 
by positive SST anomalies in the tropical central-eastern 
Pacific and negative anomalies in the northern Pacific 
(Extended Data Fig. 2a). The positive phase of the AMO is 
often associated with anomalously warm SST in the North 
Atlantic Ocean (Extended Data Fig. 2c). Over the past 
century, these two signals exhibited significant oscillation 
(Extended Data Fig. 2b, d). However, the relative contribu-
tions and underlying mechanisms of low-frequency signals 
from the Pacific and Atlantic to the second precipitation 
mode over NA remain unclear. Therefore, we analyze SST 
change from both observational data and CMIP6 simula-
tions for the period 1901–2020. The observed SST change is 

United States and Mexico. While the spatial distribution of 
precipitation enhancement differs between the two periods, 
both epochs exhibit a tripolar pattern across the northeast-
southwest (Fig. 4a, c). The precipitation trend during Period 
2 aligns with the second precipitation mode (Fig. 1c), except 
for some differences over eastern NA (Fig. 4b). The recon-
structed precipitation from the first and second modes indi-
cates that decadal precipitation is jointly modulated by both 
modes (Fig.  4a-f). The relative contributions of the first 
and second modes in the four key regions (black boxes in 
Fig.  4d) during the three periods suggest that the second 
mode exerts a stronger modulation on decadal timescales 
than the first mode. Furthermore, depending on its phase, 
the second mode can either enhance or offset the NA wetting 
associated with the first mode during periods 1–3 (Fig. 4g-
i). Although the precipitation increase over NA during the 
past century is primarily driven by the first mode (Fig. 1a, 

Fig. 2  Externally forced changes in precipitation over NA. a The linear 
trend of the precipitation from 1901 to 2020 derived from the CRU. 
The stippling indicates significant trends at the 95% (P < 0.05) con-
fidence level. b The linear trend of the first precipitation pattern over 
NA derived from EOF1 × PC1trend (Fig. 1a, b). c The linear trends of 
the annual mean precipitation across NA of the single forcing pre-
cipitation pattern from 1901 to 2020 under ALL (red), ANT (yellow), 
NAT (blue), GHG (green), and AA (grey) forcing derived from all the 
members of the 10 CMIP6 models. The red dash line shows the linear 
trend of the annual mean precipitation across NA derived from CRU. 
A positive trend denotes a wetting tendency over NA. Box and whisker 

plots show the 5th, 25th, 50th, 75th and 95th percentiles of all mem-
bers (n = 125, 125, 100, 93 and 53 for ALL, ANT, NAT, GHG and AA 
forcing, respectively). The lines denote the kernel estimate of the prob-
ability density function of the trends using 100 bins. The dot represents 
the distribution of individual members. d Optimal fingerprint detection 
and attribution analysis (Methods) on the changes in the single forc-
ing precipitation pattern over NA from 1901 to 2020. The lines denote 
the scaling factors of one-signal analysis for simulations under ALL, 
ANT, NAT, GHG and AA forcing, respectively. Error bars denote the 
corresponding 90% confidence intervals
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Further exploring which internal variability plays a piv-
otal role in the generation of internal variability precipitation 
pattern, we utilize a large ensemble of 90 model members, 
derived from the ACCESS-ESM1-5 and MIROC6 mod-
els, which stand out for their large number of realizations 
among the 10 CMIP6 models. We focus on two sub-ensem-
bles, each containing the 10 extreme members with the 
maximum and minimum precipitation patterns, respectively 
(hereafter “MAX10” and “MIN10”). We calculate the pre-
cipitation change difference of sub-ensemble mean between 
the MAX10 and MIN10 members, which resembles the 

characterized by a positive-IPO-like pattern (Fig. 5b), while 
a negative-AMO-like pattern in the North Atlantic (Fig. 5b). 
The synchronous variation in the second precipitation mode 
and decadal SST change strongly suggests the influence of 
internal variability (Fig. 5b). We refer to it as the internal 
variability precipitation pattern (Fig.  1c, d). The internal 
variability precipitation pattern (Fig.  1d) shows a strong 
positive correlation with the IPO index (0.66 cor with PC2, 
p < 0.01) and a weak negative correlation with the AMO 
index (−0.25 cor with PC2, p < 0.01).

Fig. 3  Long-term changes in precipitation over NA under different 
external forcing. a–e The linear trends of precipitation from 1901 to 
2020 under ALL (a), ANT (b), NAT (c), GHG (d) and AA (e) forc-
ing derived from the multimodel average of 10 CMIP6 models. The 

domains (13–34°N, 90–118°W) in southern NA experiencing reduced 
precipitation are indicated by boxes in (d). The stippling indicates sig-
nificant trends at the 95% (P < 0.05) confidence level
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stream function (Esf) and Plumb wave activity flux (Paf) 
were used to analyze the stationary Rossby wave trains. Sea 
surface temperature anomalies associated with the IPO trig-
ger large-scale Rossby waves that propagate downstream 
from the North Pacific across NA to Greenland, ultimately 
reaching the North Atlantic basin (Fig.  6a). This propa-
gation pattern exhibits remarkable similarity to the PNA 
teleconnection pattern (Wallace and Gutzler 1981), char-
acterized by the concurrent development of low-pressure 
systems over the northern Pacific Ocean, Greenland, and 
southern NA, while pronounced high-pressure centers form 
over the northern NA sector and central North Atlantic 
basin (Fig. 6b). The well-developed anticyclonic circulation 
regime persists over northern NA, resulting in reduced water 
vapor flux and prevailing subsidence (Fig. 6c, d). Moisture 
from the eastern tropical Pacific and the Gulf of Mexico 
accumulates over southern NA, where persistent low-pres-
sure systems allow moisture to rise in the region. Addition-
ally, the low pressure over Greenland also creates favorable 

internal variability precipitation pattern (Fig.  5a, c). The 
SST difference between the sub-ensemble mean reflects a 
positive IPO-like pattern, while the AMO shows no sig-
nificant correlation (Fig.  5d). Furthermore, we assess the 
modulation of the internal variability precipitation pattern 
by the IPO and AMO across the 90-member ensemble. A 
notable positive correlation is found between internal vari-
ability precipitation and the IPO (Fig.  5e), whereas the 
AMO does not exhibit a pronounced negative correlation 
(Fig. 5f). In addition, when models skillfully simulate the 
IPO, they reproduce similar internal variability precipitation 
pattern (Extended Data Fig. 5). Therefore, observations and 
the large-ensemble simulations highlight the dominant role 
of the IPO in shaping the internal variability of precipitation 
over NA. The spatial variation trend of NA precipitation on 
decadal scales is modulated by the phase transition of the 
IPO.

To clarify the dynamical mechanisms of the internal vari-
ability precipitation pattern driven by the IPO, the eddy 

Fig. 4  The second pattern modulated precipitation trend on a decadal 
scale. a, b, c The linear trends of decadal precipitation over NA 
derived from the CRU for periods 1–3 (Fig.  1d). The precipitation 
decadal component—that is the 9-year running mean performed 
after de-trending the raw data. d, e, f are the same as a, b, c but for 
precipitation reconstructed from the first and second precipitation 
modes. The stippling indicates significant trends at the 95% (P < 0.05) 

confidence level. The reconstructed precipitation expressed as: 
P = EOF1 × PC1 + EOF2 × PC2. g, h, i the relative contribution of 
first and second modes for four regions as show in d (East: 45–63°N, 
113–130°W, North: 57–70°N, 65–105°W, West: 43–53°N, 67–107°W, 
South: 25–38°N, 95–119°W) during periods 1–3. The numbers indi-
cate the first and second mode relative contribution rate, which is cal-
culated by (EOF1 × PC1)/P and (EOF2 × PC2)/P, respectively
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Fig. 5  IPO-dominated changes related to internal variability precipita-
tion pattern over NA. a, b The decadal component of precipitation 
derived from the CRU (a) and SST derived from the ERSST (b) 
regressed onto the corresponding time series of the internal variability 
precipitation pattern from 1901 to 2020 (Fig.  1d, bar). c, d are the 
same as a, b but for model simulated decadal component (difference 
between MAX10 and MIN10) regressed onto the corresponding model 
simulated time series (difference between MAX10 and MIN10) of the 
internal variability precipitation pattern from 1901 to 2020 derived 
from all members of ACCESS-ESM1-5 and MIROC6 (n = 90). The 
model simulated time series was calculated by regressing the simu-
lated precipitation over NA onto the internal variability precipitation 
pattern derived from the CRU (Fig. 1c). The MAX10 denotes the 10 

members that best simulate internal variability precipitation (The top 
10 of 90 correlation coefficients that model simulated time series and 
the CRU time series (Fig. 1d, bar)). MIN10 is the opposite of MAX10. 
The stippling indicates significant correlations at the 95% (P < 0.05) 
confidence level. e, Histograms for the correlation coefficients between 
the corresponding time series of the internal variability precipitation 
pattern and IPO index derived from all members of ACCESS-ESM1-5 
and MIROC6 (n = 90); the width of each histogram is 0.1; the numbers 
denote the percentages of members with negative or positive correla-
tion coefficients. f is the same as e, but for the correlation coefficients 
between the corresponding time series of the internal variability pre-
cipitation pattern and AMO index
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uncertainty exists among different model members due to 
internal variability (Fig. 7a). The difference of sub-ensemble 
mean between the MAX10 and MIN10 is highly consistent 
with observational data (Fig. 7a), which means that large-
ensemble simulations can adequately capture the observed 
internal variability precipitation pattern. To further inves-
tigate future precipitation trend, we conducted composite 
analyses for the 2021–2050 period under the RCP4.5 sce-
nario, the precipitation trend between MAX10 and MIN10 
shows an increase trend, while the MIN10-MAX10 differ-
ence exhibits a decrease trend (Fig. 7a). The internal vari-
ability precipitation pattern exhibits a tripolar wet–dry–wet 
structure from north to south (Fig.  7b). The SST trend 
resembles a positive IPO-like pattern, with warming in 
the central-eastern equatorial Pacific (Fig. 7c). In contrast, 
external forcing induces overall ocean warming, leading to 

conditions for increased precipitation over northeastern NA 
(Fig. 6b-d). These circulation patterns ultimately lead to the 
formation of the internal variability precipitation pattern 
shown in Fig. 5a. The recent change in precipitation trends 
during period 3 (Fig. 4c, f) is associated with the negative 
phase shift of the IPO (Extended Data Fig. 2b). This shift is 
clearly linked to the IPO rather than the AMO (Fig. 6e, f).

5  Decadal and long-term projections of 
precipitation over NA

Although past greenhouse gas emissions have contrib-
uted to an overall increase in precipitation across NA, the 
IPO exerts a significant influence on the spatial patterns of 
NA precipitation at decadal scale. However, considerable 

Fig. 6  The mechanisms of internal variability’s influence on precipi-
tation pattern over NA. a–d The decadal component of Eddy stream 
function (shading) and Plumb wave activity flux (vector) at 500 hPa 
a 500-hPa geopotential height Z (shading) and 850-hPa wind (UV) 
b column-integrated moisture divergence (shading) and moisture 
flux (vectors) c and d 500-hPa vertical velocity regressed onto the 
corresponding time series of internal variability precipitation pattern 
(Fig.  1d, bar). The stippling indicates significant correlations at the 

95% (P < 0.05) confidence level. The vectors are shown only when the 
zonal or meridional component is significant at the 95% confidence 
level. The above analysis is based on reanalysis data. e Shows scatter 
plots between the corresponding time series of the internal variability 
precipitation pattern trends and the IPO trends during the period 3, 
where the black lines show the regression of data points for 90 mem-
bers of ACCESS-ESM1-5 and MIROC6. f is the same as e, but for the 
internal variability precipitation trends and AMO trends
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the region, although it slightly underestimates both the spa-
tial distribution and the magnitude of the trend (Fig.  3d). 
For the region average of NA precipitation (Extended Data 
Fig. 6), the observed long-term trend is 0.37 mm per month 
per decade (p < 0.01). The trends under different forcing are 
as follows: ALL forcing (0.06 mm per month per decade 
for 10 models, 0.07 mm for MIROC6, p < 0.01), ANT forc-
ing (0.06 mm per month per decade for 10 models, 0.08 
mm for MIROC6, p < 0.01), and GHG forcing (0.22 mm per 
month per decade for 10 models, 0.20 mm for MIROC6, 
p < 0.01). The main reason for the differences in precipita-
tion trend among ALL, ANT, and GHG forcing in NA is 

increased precipitation across NA (Fig. 7d, e). However, the 
overall wetting of NA caused by external forcing is smaller 
than the precipitation changes associated with internal vari-
ability driven by the positive phase shift of the IPO (Fig. 7b, 
d). Therefore, the IPO plays a crucial role in the decadal 
trend of future precipitation over NA. Reducing the uncer-
tainty in IPO prediction will enhance the near-term projec-
tion of NA precipitation.

As demonstrated by our previous findings, both ALL and 
ANT forcing significantly underestimate historical precipi-
tation change in NA (Fig. 3a, b). In contrast, GHG forcing 
effectively simulates the long-term precipitation trends in 

Fig. 7  Projected NA precipitation change and associated SST trend 
in the near future. a Time series of internal variability precipita-
tion patterns from CRU (black line) and model ensemble mean and 
MAX10-MIN10 under historical period (gray dash line and blue 
line, 1901–2020) and future SSP2-4.5 scenario MAX10-MIN10 and 
MIN10-MAX10 (green and brown line) during the period of 2021–
2050, the gray shading denotes the 95% model intervals. b, c Spatial 

patterns of ensemble mean of precipitation (b) and SST (c) trend dif-
ference between MAX10 and MIN10 during 2021–2050. d, e Spatial 
pattern of (d) ensemble mean of precipitation trend and (e) SST trend 
during the period of 2021–2050 from 10 models under the SSP2-4.5. 
The stippling indicates significant trends at the 95% (P < 0.05) confi-
dence level
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results indicate that NA will become wetter under both the 
SSP2-4.5 and SSP5-8.5 scenarios (Fig. 8c, d).

6  Conclusion and discussion

In this study, we explore the combined effects of external 
forcing and internal variability on NA precipitation. Our 
results reveal two distinct precipitation patterns over the 
past century using long-term observational data and CMIP6 
model simulations: the external forcing precipitation pat-
tern, characterized by a general wetting trend, and the inter-
nal variability precipitation pattern, marked by significant 
decadal oscillation. Optimal fingerprinting analysis of data 
from 1901 to 2020 shows that the wetting trend in NA is 
primarily driven by greenhouse gas emissions. However, 
state-of-the-art climate models tend to underestimate the 
influence of external forcing on NA precipitation, particu-
larly under ALL and ANT forcing. In contrast, GHG forc-
ing aligns more closely with observed trends despite being 

the significant discrepancy in simulations prior to the 1970s. 
After the 1970s, the precipitation reduction induced by 
aerosols diminishes (Extended Data Fig. 6).

The CMIP6 multimodel ensemble mean indicates a sig-
nificant long-term wetting trend over most of NA under 
both the SSP2-4.5 and SSP5-8.5 scenarios (Fig. 8a, b and 
Extended Data Fig. 7). Under the SSP2-4.5 scenario, simu-
lations with the MIROC6 model driven by the respective 
forcing also confirm an increase in precipitation over NA 
due to GHG forcing, the aerosols also showed a positive 
effect (Extended Data Fig. 8). The ALL forcing simulation 
shows improved consistency with precipitation observations 
after 1970, due to the inclusion of both aerosol and green-
house gas effects (Extended Data Fig. 6), it is assumed that 
it remains a reasonable representation for future projections. 
To constrain future projections, the scaling factor derived 
from the attribution results for ALL forcing (Fig.  2d) is 
applied to the ensemble mean precipitation responses under 
the SSP2-4.5 and SSP5-8.5 scenarios. The constrained 

Fig. 8  Future changes in precipitation over NA associated with exter-
nally forced changes. The linear trends of precipitation under the 
SSP2-4.5 a and SSP5-8.5 b scenarios from 2021–2100 derived from 
the multimodel average of 10 CMIP6 models. The stippling indicates 
significant trends at the 95% (P < 0.05) confidence level. c Annual 
mean precipitation anomalies over the NA (relative to 1985–2014) 
during 1901–2100 in the CMIP6 multimodel historical simulations 

and future SSP2-4.5 scenario. The solid curves indicate the multi-
model ensemble means and the shading denotes the 95% model inter-
vals, derived from the raw model output. The dashed curves indicate 
the constrained projections by multiplying the ensemble mean projec-
tions with the scaling factor of ALL forcing from Fig. 2d. d is the same 
as c but for future SSP5-8.5 scenario
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predictions crucial for future climate projections (Huang et 
al. 2020; Wu et al. 2024). Such improvements could sub-
stantially enhance the reliability of near-term precipitation 
forecasts for NA.

These findings have broad implications for climate pre-
diction and adaptation, highlighting the critical role of inter-
actions between external forcing and internal variability in 
shaping precipitation patterns. Our research provides valu-
able insights into the interplay between human-induced cli-
mate change and natural climate variability, contributing to 
the ongoing study of climate change impacts and strategies 
for mitigation.
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