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Abstract The impact of the circulation shift under climate warming on the distribution of precipitation
extremes and the associated sensitivity to model resolution are investigated using Community
Atmosphere Model Version 3.0 in an aquaplanet configuration. The response of the probability density
function of the precipitation to a uniform sea surface temperature warming can be interpreted as
superimposition of a dynamically induced poleward shift and a thermodynamically induced upward shift
toward higher intensities, which give rise to manyfold increase in the frequency of the most extreme
categories of the precipitation events at the poleward side of the midlatitude storm track. Coarser resolutions
underestimate not only the intensity of the precipitation extremes but also the dynamical contribution to the
increase of precipitation extremes. Meanwhile, the thermodynamic contribution to the intensification of the
precipitation extremes is substantially less than expected from the Clausius-Clapeyron relation, implicative of
significant change in the vertical structure of the precipitation processes.

1. Introduction

Precipitation extremes have been a topic of intensive studies because of their disproportionally large
socioeconomic impacts. While the intensification of precipitation extremes under climate warming has been
mostly attributed to the increased water vapor-holding capacity [e.g., Trenberth et al., 2003; Emori and Brown,
2005; Kharin et al., 2013], how atmospheric dynamical changes may have an imprint on precipitation
extremes remains unclear. Given that the meridional expansion and/or shift of the key large-scale features of
the global circulation are the most robust aspects of the climate change response [e.g., Lu et al., 2007; Lorenz
and DeWeaver, 2007a], the circulation change will inevitably impact the statistics of the subtropical and
midlatitude extremes. The latest estimation of the 50 year return level of precipitation extreme from the
simulations of the Coupled Model Intercomparison Project Phase 5 (CMIP5) models suggested an up to 50%
increase in the middle to high latitudes [Toreti et al., 2013]. But no physical/dynamical rationale was provided
for this super Clausius-Clapeyron rate of increase. Kang et al. [2013] investigated the impacts of stratospheric
ozone depletion on precipitation extremes in austral summer and found that ozone-induced changes in
precipitation extremes are predominantly dynamical rather than thermodynamical in origin. In view of the
fact that the circulation response to global warming in the extratropics shares similar spatial structure as that
to ozone depletion in the Southern Hemisphere (SH), we set out to investigate the dynamical contribution to
the change of the distribution of precipitation extremes under global warming-like SST warming in an
idealized modeling framework.

Climate model simulations of extreme precipitation are sensitive to physics parameterizations for subgrid
processes such as convection and clouds, representation of the cross-scale energy and enstrophy cascades,
and model resolution. As the typical resolution of the current generation of climate models are far from
convergence on these physical and dynamical processes important for precipitation extremes, the ability of
the climate models in capturing the full probability density function (PDF) of precipitation events is still an
open question [Randall et al., 2007]. Li et al. [2011a, 2011b] demonstrated a promising sign of resolution
convergence in the midlatitude precipitation extremes under simple SST warming perturbations in an
aquaplanet atmospheric general circulation model (AGCM). This study is an extension of Li et al. [2011a] on
analysis of precipitation extremes in a suite of aquaplanet AGCM simulations with various horizontal
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resolutions. New insights are gained by focusing on the meridional structure of the PDF of extremes and
quantifying the circulation contribution to the change of the PDF of precipitation.

2. Model Data Sets

The same model data output as Li et al. [2011a, 2011b] from a set of idealized aquaplanet simulations with
the NCAR Community Atmospheric Model Version 3.0 (CAM3) [Collins et al., 2004] is used in this study. To
assess the sensitivity to model resolution, four horizontal resolutions corresponding to spectral truncations of
T42, T85, T170, and T340 (~2.8, 1.4, 0.7, and 0.35° resolution in the transformed grids, respectively) are used
for a triad of experiments: control, 3 K uniform warming (denoted as sstmag), and SST warming with a
meridional gradient (denoted as sstgra). In the control run, a zonally symmetric SST profile is prescribed
following Neale and Hoskins [2000].

SST φð Þ ¼ 27 1� sin2
90
60

φ
� �� �

if φj j < 60°;

0 if φj j > 60°:

8<
: (1)

In experiment “sstmag,” the SST profile (1) is perturbed by a uniform 3K increase. The SST forcing for
experiment “sstgra” is prescribed as

SST ϕð Þ ¼
30 1� sin2

90
60

φ
� �� �

if φj j < 60°;

0 if φj j > 60°:

8><
>:

(2)

The simplicity in the SST perturbations will facilitate the scaling analysis and the interpretation thereof in the
following section. Note that the direct effect of increase in greenhouse gases is not considered in these sets
of simulations.

The simulations periods are 8, 4, 2, and 2 years for all the control and perturbation runs at each of the four grid
resolutions. The inverse relationship between spatial resolution and simulation period (with the exception of
T340) is to take advantage of the zonal symmetry in the aquaplanet world as the number of grid points in the
zonal direction doubles with each refinement of resolution. Because the insolation and the radiatively active
species are held fixed in an equinoctial and hemispherically symmetric geometry, the statistics of the model
climate are zonally and hemispherically symmetric. In the PDF-based analysis below, the SH data are reflected
to the Northern Hemisphere so as to double the sample size and the result is shown hemispherically. However,
for the percentile-based analysis, results are presented for both hemispheres and the agreement between
the two hemispheres gives a sense of sampling adequacy. (Due to the internal mode of variability, simulation
over a small number of years is not sufficient to smooth out the noise associated with these dynamical
modes and the statistics based on a limited time period between the two hemispheres may differ). Daily
precipitation, 500 hPa omega (ω500), and column-integrated precipitable water are among the variables
outputted and hence are used for the current analysis.

3. Analysis and Results
3.1. PDF Approach

We first estimate the PDF of precipitation by computing the histogram using equally spaced bins (1 mm d�1)
spanning from 0 through 240 mm d�1. The resulting PDFs of the control simulations are displayed in log10
scale as contours in Figure 1 for all four resolutions. To focus on the midlatitudes, only bins less than 120 mm
d�1 are shown. The 10�4 frequency events, which correspond to extreme values with return period of 10,000
days, are tenably sampled at all four resolutions given the sample size of 368,640 for each latitude for the T42,
T85, and T170 simulations, and 737,280 for the T340 simulation. Comparing across resolutions, one can see
obvious deficiency of the T42 resolution in simulating the intensity of the 10�4 frequency events, but the
other three resolutions appear to converge on the intensity of the 10�3 frequency or even 10�4 frequency
events in the extratropics. Overall, the more the extremes are, the greater the challenge is for the coarser
resolution model to capture their values. The shadings in Figure 1 show the log10 of the PDFs of the sstmag
simulations normalized by the corresponding control PDF, indicating the effect of 3 K SST warming on the
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precipitation PDF. Despite the deficiency of the coarser resolutions in capturing the intensities of the rarest
events, all four resolutions show similar characteristics of (i) reduction in the frequency of the modest
extremes at the equatorward flank of the mean storm track and (ii) increase in the frequency of all extremes
at the poleward flank of the storm track and (iii) less frequent weak precipitation events at the middle to high
latitudes. It is interesting to note that all these three features of the precipitation PDF change are also shared
by the change of the PDFs of ω500 (see Figure S1a in the supporting information).

The propensity of the meridional shift is even clearer in the PDF of ω500 (Figure S1a). By minimizing the
variance of the residual of the fractional change ofω500 from fitting the total PDF change to the PDF anomaly

that results from a meridional shift of the PDF, i.e., ∑
i

δf ωið Þ�δf fit ωið Þ
f ωið Þ � ωi

h i2� �
, where δf is the total change of

PDF (Figure S1a), δf fit≡ f(y� δy)� f(y), denoting the fitted change of PDF that results from a meridional shift
by δy (Figure S1b), and ωi is the value of ω500 at bin i, we yield an optimal shift of the PDF of 2.7° in latitude,
which, not coincidentally, is the same amount of the shift of the zonal mean zonal wind simulated under the
3 K warming. The similar agreement between the shift of the PDF ofω500 and that of the zonal wind is also found
in the T42, T85, and T170 simulations, suggesting strongly that the shifts in the zonal mean zonal wind and the
transients are integral parts of one circulation change (see Table S1). Provided that the poleward shift in the
precipitation distribution can be ascribed to the shift of the circulation and that the thermodynamic effect only
manifests in the intensification of the precipitation through the increase of water vapor, one can express the
change of the precipitation PDF, a function of the precipitation intensity p and meridional distance y, as

δf p; yð Þ ¼ f
p

1þ ε
; y

� �
� f p; yð Þ

� �
� ∂f p; yð Þ

∂y
δy þ res; (3)

where the terms in the bracket represent the difference resulted from the thermodynamically induced
stretching toward more intense precipitation bins and the second term the dynamically induced poleward
shift of the PDF (with the change of the intensity of circulation ignored). The stretching factor ϵ ¼ δp

p , which
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Figure 1. Change of the probability density function of daily precipitation in response to 3 K SST warming simulated by
CAM3 at (a) T42, (b) T85, (c) T170, and (d) T340 resolution. The change (shaded) is expressed as the logarithm of the PDF
normalized by the control PDF. In each panel, the corresponding control log10(PDF) is overlaid as black contours.
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indicates the fractional increase of precipitation intensity, were it following the Clausius-Clapeyron (CC)
relation, would be scaled as

ϵ ≈ LR�1
v T�2

0 δT ; (4)

where L is the latent heat of vaporization, Rv is gas constant for water vapor, δT is 3 K for the sstmag
experiments, and T0 is chosen to be the local SST. The corresponding CC slope, α ¼ δp

p =δT , ranges
approximately 7 to 8% per Kelvin warming for the control SST profile (1). The actual stretching factor,
however, is estimated together with the shift factor δy by minimizing the fractional variance associated with
the residual term in (3) and turns out to be markedly smaller than the CC rate. Interestingly, the resultant shift
δy turns out to be the same as the shift of zonal mean zonal wind as well as the shift of the PDF of ω500.

Figure 2 shows the result of fitting (3) to the change of the precipitation PDF in response to the sstmag
forcing at T340 resolution. The fitted PDF change accounts for 90% of the variance of the total fractional
precipitation change associated with δf(p, y) poleward of 13° latitude, with 45% contributed from the
poleward shift. Thus, the poleward shift of the subtropical and midlatitude circulation, together with the
attendant shift of the transients, account substantially for the increase (decrease) of precipitation at all
intensities at the poleward (equatorward) flank of the mean jet/storm track. It should be noted that the
thermodynamic pattern (Figure 2d) and the pattern associated with the poleward shift are not orthogonal to
each other and that the former accounts for 80% of total fractional precipitation change variance, with
approximately 25% shared between them. At the poleward flank of the mean jet, the dynamical shift and the
thermodynamics work in concert to give rise to three times as frequent the 10�4 extreme events under 3 K
warming as the control. The best fit for the thermodynamics corresponds to α≈5%/K or a depreciation of the
CC rate by 30%. This depreciation rate is consistent with the earlier scaling analysis on the extremes simulated by
the GFDL AM2.1 [Chen et al., 2011] and CMIP3 models [e.g., O’Gorman and Schneider, 2009b]. In the latter, the
sub-CC rate of the thermodynamic contribution was attributed to the notion that the extreme precipitation scales
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Figure 2. Fractional change of the probability density function of daily precipitation in response to 3 K SST warming in T340
CAM3 simulations. In each panel, the control log10 (PDF) is overlaid as black contours. The color contours are for (a) total
change, (b) change due to a poleward shift of the 500 hPa ω PDF, (c) the sum of the changes in Figures 2b and 2d, and (d)
change due to the increase of moisture inferred from the depreciated CC rate. Both Figures 2b and 2d are derived from
minimizing the error of fitting equation (3) to the simulated PDF changes.
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with the dependence of the moist-adiabatic derivative of saturation specific humidity (dqs=dpjθ�), rather than the
water vapor content itself, on temperature. Unfortunately, the lack of vertical resolution of the data sets used here
does not allow us to further verify the notion of O’Gorman and Schneider [2009b]. This sub-CC thermodynamic
contribution is robust for all other simulations at coarser resolutions.

It is also interesting to note that there remains a sizable residual of the precipitation PDF (by subtracting
Figure 2c from Figure 2a) that cannot be explained by the fitting (3). Further inspection indicates that this PDF
residual (not shown) bears a considerable resemblance to the PDF residual ofω500 after fitting for a poleward
shift (Figure S1c). The intensification of the vertical motion from 60° and poleward appears to be energized
by the local increase of temperature and moisture, and the mechanisms for the intensification of the
precipitation extremes there seem to be distinct from those of the lower latitudes. In addition, there is
discernible weakening in the residual PDFs, reflecting an overall weakening of the transient activity in the
midlatitude storm track besides the poleward shift. These two features of circulation change are not
considered in the PDF fitting approach above. Next, in the percentile approach, we will take full account of
the change of circulation in the scaling for the precipitation percentiles.

3.2. Scaling Precipitation Percentiles

An alternative approach to evaluate the precipitation extremes is to compute the mean values of the scaling
factors conditioned on extreme precipitation occurring [e.g.,O’Gorman and Schneider, 2009a, 2009b]. According to
the two-layer model of the atmosphere wherein the moisture is confined in the lower layer and the accumulated
precipitation during a given extreme event is determined by the low-level convergence of moisture [Stevens and
Lindzen, 1978; Wilson and Toumi, 2005], the intensity of precipitation extremes can be expressed as

pe ¼ γe weqeð Þzm ; (5)

where γ is the precipitation efficiency, representing the fraction of the vertical moisture flux at the top of the
moist layer (zm) that is precipitated out, the superscript e indicates the conditional mean on certain percentile
of the precipitation extremes (to be elaborated below following equation (6)). Since the specific humidity
data are unavailable at the top of the moist layer, for the actual scaling analysis we use column-integrated
precipitable water for qe. The resulting scaling formula for the fraction change of precipitation extremes turns
out to be the same as that used in Sugiyama et al. [2010]:

δpe

pe
¼ δωe

ωe
þ δqe

qe
þ δγe

γe
; (6)

where midtropospheric pressure velocity (ω) is used and the precipitation efficiency γe assumes a similar
physical meaning to the parameter a in (1) of Sugiyama et al. [2010], which represents the moisture
convergence normalized by the column precipitable water andmidlevel vertical velocity, thus containing the
knowledge of the vertical structures of the moisture and vertical velocity. For brevity, however, we still refer
to γe as precipitation efficiency. In evaluating the scaling parameters in (6) except the last term, which is
deduced as a residual, the conditional mean for a given precipitation percentile is taken over all days and
longitudes for which the precipitation lies in a finite range, chosen for the nth percentile as the range
between the 100� 3

2 100� nð Þ and 100� 1
2 100� nð Þ percentiles [O’Gorman and Schneider, 2009b].

The changes of the 99th and the 99.9th percentiles of precipitation in response to 3 K warming and their
respective decomposition into the circulation, column water vapor and precipitation efficiency are presented
in Figures 3a and 3b. Consistent with earlier work, the rate of increase of the precipitation extremes is slower
than the increase of moisture, the latter appearing to set the upper limit of the former. Consistent with the
PDF approach, the scaling for the percentiles also demonstrates unambiguously the importance of the
circulation change in shaping the meridional structure of the change of the precipitation extremes. The
circulation component is dipolar in character in the subtropical to middle latitudes, with the nodal point
shifting progressively equatorward as the percentile increases. As the percentile increases to 99.9th, the
thermodynamic component neutralizes the negative dynamical effect at the subtropics resulted from the
expansion of the descending branch of the Hadley cell, leading to negligible net change in the intensity of
the precipitation extreme there (Figure 3b). The rate of the increase of moisture is overall greater than the CC
rate, owing likely to the fact that the troposphere warms more than the surface [Sugiyama et al., 2010]. The
deviation of the moisture change from the monotonic profile one might expect from the CC scaling (based
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on the uniform SST warming) can only be attributable to dynamics. A similar dynamical impact on the
meridional distribution of column moisture was also evident in the analysis of the mean precipitation and
moisture content in Lorenz and DeWeaver [2007b, Figure 1]. The dynamical dominance on the spatial
structure of the precipitation extremes has important implications for the response of the regional extremes
under climate change forcings [e.g., Kang et al., 2013]. Particularly intriguing is the inferred reduction of
precipitation efficiency in the middle to high latitudes across a wide range of extremes. Following the
interpretation of Sugiyama et al. [2010], this might be thought of as the result of the upward transformation of
the profile of the circulation that becomes out of sync with the vertical profile of the moisture. The specific
aspects related to the vertical profiles warrant future investigation.
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Figure 3. Fractional change of the daily precipitation percentiles (black) and its decomposition into the change of ω500
(blue), q (green), and γe (red) in response to 3 K SST warming simulated at T340 resolution. (a) The 99th percentile. (b)
The 99.9th percentile. Shadings indicate the 99% confidence intervals estimated based on two-tailed Welch’s t test.

(A) T42 (B) T85

(C) T170 (D) T340

Figure 4. Same as Figure 3b except for (a) T42, (b) T85, (c) T170, and (d) T340 resolutions. Note that Figure 4d is a duplicate
of Figure 3b.
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The sensitivity of the scaling for the 99.9th precipitation percentile to resolution is examined in Figure 4. The
change of the column water vapor shows the least sensitivity to the resolution. T42 has a tendency of
underestimating the importance of the dynamical contribution to the precipitation extreme in the
midlatitudes while all other higher resolutions show a qualitatively similar dipolar structure in this respect. In
fact, the interhemispheric difference within a same resolution is comparable to the interresolution
differences among T85, T170, and T340 resolutions. Despite the large sample size, the discernible
interhemispheric difference suggests that the simulations are still not long enough for the convergence of
the statistics of the 99.9th percentile extreme.

Applying the same percentile analysis to the sstgra experiments shows an even more prominent role of the
dynamical shift. If we interpret the contribution from the fractional change of ω as the dynamical
contribution and all the remaining as thermodynamical, the former dominates the latter in the precipitation
PDF response over the latitudinal range under the influence of the poleward shift of the circulation. As such, a
modest increase of the equator-to-pole SST gradient can significantly increase the relative importance of the
dynamical contribution to the change of precipitation extremes.

4. Summary and Discussion

Two separate approaches, PDF-based and percentile-based, were applied to analyze the response of the
precipitation extremes in a set of aquaplanet simulations under idealized SST boundary forcings at different
horizontal resolutions. Both approaches point consistently to a notion that the dynamical shift in circulation
contributes substantially to the response of precipitation extremes (in terms of both intensity and frequency)
under pseudo climate warming forcing, whereas the thermodynamic contribution is below what the CC
relation would suggest, in agreement with the results of O’Gorman and Schneider [2009b] and Chen et al.
[2011]. In the form of the Wilson and Toumi [2005], this sub-CC rate of thermodynamics is manifested as
reduction of the precipitation efficiency, for which the exact reason belongs to a topic of future investigation.
The dynamically induced poleward shift of PDF, in conjunction with the relatively uniform thermodynamical
stretch (in the intensity dimension), can give rise to manyfold increase in the frequency of the most extreme
categories of the precipitation events at the poleward side of the midlatitude storm track. In addition, this
conclusion appears to be independent of the horizontal resolution of the model once the resolution is as fine
as T85 and beyond. This might serve as a possible rationale for the factor of 2–3 of reduction in the return period
of the 20 year return value of daily precipitation in and poleward of the midlatitude storm tracks reported in
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (see Figure 12.27, Chapter 12).

Superficially, these results appear to be contradictory to the earlier studies that attributed the increase of
the extratropical precipitation extremes mostly to thermodynamic causes [e.g., Gastineau and Soden, 2009;
Emori and Brown, 2005]. To reconcile with the earlier works, we note that Gastineau and Soden [2009] did not
look into the meridional structure but treated the extremes in the extratropics between 30° and 90° as a
whole. In addition, we note that as a larger equator-to-pole SST gradient brings about a greater dynamical
contribution to the increase of the precipitation extremes (as epitomized by the sstgra experiments), the real-
world global warming with polar amplification is reconcilable with the lesser importance of dynamics found
in the earlier studies. It is also worth noting that the exact conclusion of Emori and Brown [2005] is dictated by
the P-ω relationship at the high tail of ω, which is poorly resolved given the limited sample size. Our attempt
of applying their scaling to the precipitation percentiles yielded quite sensitive results to the assumption
made about the P-ω relationship at high intensities. Therefore, we argue that the approach of Emori and
Brown [2005] may not be reliable for quantitative assessment for the response of the precipitation extremes.
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