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Abstract Bias and spread in Coupled Model Intercomparison Project Phase 5 simulated vertical specific
humidity (g) structure are examined and related to both precipitation and column water vapor (cwv) near
Manaus, Brazil, site of the recent Green Ocean Amazon campaign. Simulated seasonal mean g profiles are
typically too dry, especially at low levels and during the local dry season, consistent with previously identified
surface hydroclimate biases in the Amazon. Multimodel empirical orthogonal function analysis of the models’
monthly climatological g profiles indicates two significant modes of ensemble spread in moisture vertical
structure, with the leading mode peaked at low levels and the second mode in the lower free troposphere
(LFT). While both modes project onto simulated cwv spread, only the first projects on precipitation,
suggesting inconsistent sensitivity of simulated rainfall to LFT moisture. Relative to observations, models with
high cwv and low-level moisture errors tend to exhibit high precipitation error.

1. Introduction

Encompassing more than half of Earth’s tropical rainforest [Morley, 2000], the Amazon plays a considerable
role in the regulation of the carbon cycle, not to mention the tropical hydrologic cycle and energetics [Fu
et al,, 1999]. Humans are placing increasing stresses on the Amazon through deforestation, agricultural and
industrial development, and resource exploitation. Needless to say, the health of the Amazonian ecosystem
and its future outlook are of serious concern, particularly given the potential consequences of anthropogenic
climate change. However, current generation model projections remain highly uncertain regarding the future
Amazonian climate [Joetzjer et al., 2013].

Coarse-resolution global climate models (GCMs) such as those used in the Coupled Model Intercomparison
Project Phase 5 (CMIP5) [Taylor et al., 2012] typically underestimate Amazonian precipitation, especially during
the dry season [Yin et al., 2013]. Such models struggle to reproduce the observed precipitation seasonality
[Pascale et al., 2014] as well surface energy, water, and biogeochemical fluxes [de Gongalves et al., 2013]. For
instance, while observed surface shortwave radiation, evapotranspiration, and photosynthesis over humid
parts of the Amazon are maximized during the dry season [Restrepo-Coupe et al., 2013], in many GCMs, these
quantities peak during the wet season [Pascale et al., 2014]. Such deficiencies may fundamentally relate to sev-
eral aspects of model physics, including land-surface physical or biogeophysical processes [Gatti et al., 2015],
convection schemes, entrainment/detrainment, cloud microphysics [Bechtold et al., 2014], and coupling to
large-scale circulation [Yin et al., 2013].

While previous studies have diagnosed model errors pertaining to simulation of surface climate over the
Amazon, relatively little attention has been devoted to model bias or spread as they relate to vertical structure,
especially in moisture. The latter may relate to several model performance issues. Both observational analyses
and cloud-resolving model simulations implicate sensitivity of deep convection to free tropospheric humidity
[Grabowski and Moncrieff, 2004; Bretherton et al., 2004; Sherwood et al., 2004]; however, coarse-resolution
GCMs likely underestimate or fail to account for such sensitivity [Biasutti et al., 2006; Dai, 2006]. Deep convec-
tion is typically triggered too frequently in GCMs, which may reflect insufficient vertical moisture sensitivity
[Kuang and Bretherton, 2006; Del Genio, 2012]. GCM studies provide further evidence that parameters
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impacting convective moisture sensitivity, such as entrainment, affect model fidelity in simulating realistic
convection behavior, e.g., modes of intraseasonal variability like the Madden Julian Oscillation [Kim et al.,
2011]. An obvious limitation is the scarcity of observed vertical profiles for validating models. Although pro-
gress has been made in recent years to extract vertically profiles from satellite moisture retrievals, these are
considered unreliable over land where contamination of the signal from land surface emissivity is problematic
[Deeter, 2007]. Intense precipitation may also limit microwave retrieval, while clouds affect infrared (IR)
retrievals. Radio occultation using Global Positioning System (GPS)/Global Navigation Satellite System
(GNSS) [see Kursinski et al., 2000] provides vertical moisture structure, but at spatiotemporal resolutions too
coarse for evaluating deep precipitating convective conditions.

Within the last 15 years, emergent relationships between column water vapor (cwv) and precipitation in the
tropics have been identified from a variety of observations. On subdaily to daily time scales, tropical oceanic
precipitation rates derived from satellites have been shown to increase sharply with cwv above a critical
value, with properties suggestive of a continuous phase transition [Bretherton et al., 2004; Peters and Neelin,
2006; Neelin et al., 2009]. Focusing on Nauru in the western tropical Pacific, where cwv was estimated from
radiosoundings and an in situ radiometer deployed under the Department of Energy’s Atmospheric
Radiation Measurement program, Holloway and Neelin [2009] argued that the cwv-precipitation relationship
ultimately stems from the impact of free tropospheric humidity on conditional instability of entraining
plumes. To the extent that cwv variability reflects variability of free tropospheric moisture, cwv represents
a useful proxy for conditional instability.

Prior work relating high-frequency cwv observations to precipitation has focused on oceanic regions, given
the lack of satellite observations over land. However, several recent studies [Adams et al., 2013, 2015, 2016;
Schiro et al., 2016; Serra et al., 2016] have analyzed continental cwv available from station-based GPS/GNSS
retrievals and intensive field campaigns such as the Green Ocean Amazon (GOAmazon) during 2014-2015
[Martin et al., 2016], to derive metrics for evaluating the shallow-to-deep convective transition, deep convec-
tive intensity, and spatial scales of moisture covariability. Schiro et al. [2016] noted leading order similarity
between cwv-precipitation scaling over the central Amazon and tropical western Pacific: as with Nauru
[Holloway and Neelin, 2009, 2010; Lintner et al., 2011], the observed high-frequency variability of cwv in the
central Amazon reflects variability in specific humidity (q) over the lower free troposphere (LFT). Of course,
how generalizable these land region cwv-precipitation transition statistics are for different regimes, such as
sea breeze circulations or regions of complex topography, needs to be assessed, as different settings may
exhibit distinct moisture structures and thermodynamic controls on convection.

In this study, we analyze CMIP5 models with respect to vertical moisture structure, cwv, and precipitation in
the Amazon, focusing on the vicinity of Manaus, Brazil, for which extensive observations are available, e.g.,
from GOAmazon. Our study emphasizes behavior at monthly time scales, with the objectives of assessing
how well models capture observed vertical moisture structure, identifying patterns of intermodel spread in
vertical moisture structure and exploring the implications of deficiencies in model vertical moisture structure
for simulated Amazonian climate. Since vertical moisture profiles over land are limited, we also compare
simulated and observed cwv. Indeed, the increasing availability of GPS/GNSS-based cwv measurements over
tropical land renders cwv a useful quantity for model evaluation.

2. Observations and Models

The radiosonde data analyzed here were obtained from the University of Wyoming Atmospheric Sounding
database (http://weather.uwyo.edu/upperair/sounding.html). These data, for site WMO 82332 SBMN Ponta
Pelada, Manaus, Brazil, are twice daily (at 0 and 12 UTC, which is +4 h ahead of local time) and span 1999-
2013. Prior to analysis, soundings were subjected to a simple quality check procedure. Specifically, soundings
with mixing ratios exceeding 3 standard deviations above the mean at a given pressure were flagged for
visual inspection. Soundings deemed defective across multiple levels were eliminated, while soundings
reporting only a few erroneous levels were maintained but with bad data levels removed. The quality
checked soundings were aggregated to monthly means at 25 mb intervals.

CMIP5 model output was downloaded from the Program for Climate Model Diagnosis and Intercomparison
(PCMDI) data portal. Given our interest in comparing observations at a single point over land, we selected the
CMIP5 model suite forced with prescribed boundary conditions, i.e., the Atmospheric Model Intercomparison
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(AMIP)-style simulations. Thirty (30) AMIP-style models were analyzed for 1979-2008; model names and
associated acronyms are summarized in the supporting information. Our analysis considers only a single
ensemble member for each model.

In addition to pressure level g, we also analyze cwv and precipitation. For our purposes, cwv is defined as the
mass weighted integral of g over 925 mb-100 mb, since several models include no values at 1000 mb.
Observed precipitation is from monthly 2.5°x25° Climate Prediction Center Merged Analysis of
Precipitation (CMAP) [Xie and Arkin, 1997] data covering 1979-2008.

3. Results and Discussion

Figure 1 depicts seasonal mean g profiles from radiosonde (solid black lines) and the CMIP5 model ensemble
mean (MEM; dashed red lines). For the models, box-and-whiskers illustrate the minimum-maximum and
lower-upper quartile ranges and median model value at each pressure. Additionally, insets show seasonal
mean values of precipitation and cwv (rectangle for observations; red stars for MEM), with box-and-whiskers
again included for the ensemble.

In all seasons, MEM q profiles are too dry compared to observations below ~800 mb, consistent with reported
CMIP5 Amazonian dry biases in surface variables like precipitation [Yin et al,, 2013]. The low-level dry bias is
especially pronounced during the dry season (July-September), with models in the lowest quartile spanning
a wide range. On the other hand, simulated g values below 800 mb only approach observed values in the upper
quartile of models. Interestingly, above 700 mb, during the dry and dry-to-wet transition (October-December)
seasons, the MEM is slightly wetter than the observations, and in all seasons, between 25% and 50% of models
are wetter than observed. For both seasonal mean cwv and precipitation, MEM values are typically biased low
compared to observations. For all seasons except the dry-to-wet transition, cwv in more than 75% of the
models is lower than observed. Only 25% of the models produce rainfall exceeding CMAP during the wet sea-
son, 25%-50% do in the wet-to-dry transition and dry seasons, and about 50% do in the dry-to-wet transition.

One potential complication with the comparison of observed and simulated specific humidity profiles is dif-
ferences in the horizontal scales of the CMIP5 models compared to the radiosondes. Over the course of the
sonde ascent, some horizontal drift may be introduced, which could benefit the comparison, although this is
likely to be small compared to the model grid [Seidel et al., 2011]. On the other hand, the spatial decorrelation
analysis of cwv observations from a dense network of GPS measurements in the central Amazon by Adams
et al. [2016] indicates relatively strong moisture spatial covariability across the ~100 km extent of the network,
although this covariability may drop sharply during the lead-up to deep convection or in the presence of
mesoscale organization.

A further issue is that diurnal variations in g may introduce some systematic differences, since the observed
profiles are twice daily, while the simulated profiles represent daily means. The timing of the radiosonde
launches at Manaus, at 8 am and 8 pm local time, means that the observed profiles largely miss the daytime
boundary layer growth. Vertical mixing of g during the daytime may be expected to decrease moisture in the
boundary layer and increase it above. To estimate the impact of such diurnal variations on moisture bias and
its vertical structure, we further analyzed the g profiles for the 2 years of GO Amazon data, which were typi-
cally four times daily at 1:30am, 7:30 am, 1:30 pm, and 7:30 pm, with occasional launches at 10:30 am during
the wet season. Subtracting the mean of all GO Amazon profiles from the mean of 7:30am and 7:30 pm
soundings for each season indicates that the latter are systematically wetter, by 0.3-0.4g/kg, below
~975mb and drier, by up to 0.2-0.3 g/kg over ~975 mb—850 mb, with little systematic difference above.
From this, we conclude that the low-level model biases evident in Figure 1 are underestimated, although they
would be overestimated in the lowest most model layers, which are not shown.

We next evaluate the spread in AMIP ensemble g profiles by applying a multimodel analysis referred to as
principal uncertainty patterns (PUPs) [see Langenbrunner et al., 2015; Lintner et al., 2016]. For our purposes
here, we use empirical orthogonal function (EOF) analysis as the basis for computing PUPs. That is, we
compute EOFs on the Mx N matrix comprising M =204 (12 months x 17 pressures) climatological specific
humidity values for N=30 models. Prior to computing the EOFs, the specific humidity field is weighted by
the square root of the pressure difference across each model layer to account for differences in mass. The
resultant modes (or PUPs) are patterns of intermodel difference, relative to the MEM, ordered from largest
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Figure 1. Seasonal mean Manaus g profiles from radiosoundings (thick black line) and the AMIP-style MEM (red dashed line). Box-and-whiskers represent the
maximum-minimum and lowest-upper quartile ranges and medians for the ensemble at each pressure. Insets show the seasonal mean observed and simulated
precipitation rates, with red stars representing the MEM and box-and-whiskers as before. Seasons are defined following standard definitions at Manaus: wet:
January-April; wet-to-dry transition (wetdry): May and June; dry: July-September; and dry-to-wet transition (drywet): October-December.

to smallest in terms of variance explained across the input field. The principal component (PC) associated
with each PUP corresponds to weights of individual models onto the EOF, here the 2-D “space” of months
and pressure. By construction, the PCs are dimensionless and normalized to unit standard deviation, while
the EOFs carry the units of g. We have further computed PUPs on the month x model fields of cwv and
precipitation, which we do not show, although we briefly discuss below the correlations of the PCs of
these fields with respect to the PCs of g.

The pressure level structure of mode 1 (Figure 2, top left), which accounts for 57% of the total field var-
iance and is significant according to the method of North et al. [1982], is effectively of the same sign over
the depth of the troposphere across all months, with the exception of values near 700 mb during the dry-
to-wet transition. The largest positive values (~2g/kg) occur at 925 mb during August-October, i.e., the
late dry season through early dry-to-wet transition. Not surprisingly, this mode projects strongly onto
the leading mode of intermodel spread in cwv (r=0.86; significant at p > 99% according to a two-tailed
Student’s t test with 28° of freedom); moreover, it projects strongly onto the leading mode of precipita-
tion spread (r=0.78, p > 99%). The distribution of model weights for the mode 1 (Figure 2, bottom left)
displays asymmetry between positive and negative values, as only one model (MRI-CGCM3) exhibits a
weight above 1, while five models have weights below —1, i.e., a subset of models is extremely dry com-
pared to the MEM, consistent with Figure 1. Given the presence of outliers, we recomputed PUPs after
removing the largest outliers and obtained qualitatively similar results (not shown), indicating robustness
for the modes identified.
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Figure 2. (top row) Multimodel g EOFs (g/kg) and (bottom row) model weights (dimensionless). The first and second modes are on the left and right, respectively.

The second g PUP (Figure 2, top right), which accounts for 21.3% of the total variance and is also deemed
significant, is characterized by positive values at 925 mb and mostly negative values above. The largest
negative values, occurring between 500 mb-850 mb and exceeding 0.5 g/kg in magnitude, lag the largest
positive values below by ~1 month. Interestingly, although the second mode of g projects significantly
onto the leading mode of model spread in cwv (r=0.51, p >99%), it does not project significantly onto
the leading mode of precipitation (r=0.01). In other words, the variation across model g structure implied
by the second mode significantly impacts the leading mode of intermodel cwv spread, but this does not
translate to precipitation, unlike for the leading g PUP. Here we remark that the leading modes of cwv
and precipitation spread are themselves correlated at r=0.68, which is slightly less than the direct
correlation of leading mode g with precipitation. From this correlation behavior and the vertical moisture
structures of the first and second modes, we conclude that particular pressure levels are especially impor-
tant to determining model spread in precipitation. In particular, the latter is more sensitive to intermodel
moisture variation at 925 mb than the layers immediately above.

We now examine how observed and modeled g, cwv, and precipitation fields at Manaus are related by
computing the root-mean-square error, RMSE, between observed (obs) and simulated cwv and precipitation
for each model (mod) as follows:

LINTNER ET AL. VERTICAL MOISTURE PROFILES IN CMIP5 5
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where the sum is performed over all months. This metric accounts for both annual mean biases and biases in
seasonal cycle amplitude and phase. A scatterplot of individual model and MEM RMSEs for cwv and precipita-
tion appears in Figure 3 (top). Those models which are high in both cwv and precipitation RMSEs (bcc-csm-1-1,
bcc-csm-1-1-m, CanAM4, FGOALS-g2, GISS-E2-R, and IPSL-CM5B-LR) are among the models with the largest
dry bias at 925 mb, as seen in Figure 2. GISS-E2-R, the largest positive weight model for the second mode, is
the driest model over the LFT. Some models are notable for performing well with respect to one RMSE but
not the other. Perhaps unsurprisingly, both cwv and precipitation RMSEs computed with respect to the
MEM are lower than for most individual models, although a substantial fraction of the individual models com-
pare favorably to the MEM on one or the other. The MEM is roughly 2 times worse than the either of the best
performing models on cwv or precipitation (Nor-ESM1 and inmcm4, respectively). The worst performing
model according to these metrics (CanAM4) has RMSEs ~10 times higher than the best performing models.

We further present seasonal phase space plots of cwv and precipitation (Figure 3, bottom) for the observa-
tions (thick black curve), MEM (thin black curve), and subsets of models with the highest and lowest RMSEs
for precipitation (blue and red, respectively). The highest and lowest RMSE subsets include those models that
are either greater than +1 standard deviation above the ensemble mean RMSE (5 models: bcc-csm-1-1-m,
CanAM4, FGOALS-g2, GISS-E2-R, and IPSL-CM5B-LR) or less than —1 standard deviation below the ensemble
mean RMSE (5 models: CESM1-CAM5, GFDL-CM3, GFDL-HIRAM-C180, inmcm4, and IPSL-CM5A-MR).

Apart from the overall offset in its annual means, the MEM reasonably captures the observed seasonal evolu-
tion in cwv-precipitation. The observations indicate separation between wet-to-dry and dry-to-wet transi-
tions, as the former occurs with higher precipitation rates at a given cwv than the latter. A simple
interpretation for this separation is that cwv represents only a bulk proxy for instability conditions associated
with precipitation occurrence. Thus, aspects of the vertical thermodynamic environment not captured by
cwy, such as convective inhibition or the dry intrusions at critical levels, may play a key role. It is also
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Figure 4. Month pressure cross sections of simulated g biases for (top left) MEM, (top right) lowest RMSE subset, (bottom left) intermediate RMSE subset, and (bottom
right) highest RMSE subset. Units are g/kg. For the MEM, line contours show climatological g (in g/kg), and stippling indicates where biases exceed the 1o level of the MEM.

possible that seasonal differences in cloud processes and microphysics and their relationship to precipitation
may modulate the cwv-precipitation relationship. Although it is less distinct, the MEM manifests a similar
separation between the transition seasons. The lowest RMSE subset more closely replicates the observed
annual mean precipitation, but the November-April values lie along a single branch rather than two
branches. The highest RMSE subset is biased low in both cwv and precipitation but, interestingly,
manifests a wider separation between the wet-to-dry and dry-to-wet transitions than either the
observations or lowest RMSE subset.

Finally, we examine month pressure cross sections of g bias composited with respect to different model sub-
sets (Figure 4). As in Figure 1, the monthly bias of the MEM (top left) tends to be large and negative over
850 mb-925 mb across most of the year, though most prominently in the dry and dry-to-wet transition sea-
sons. The bias exceeds the 1o level of the MEM in the dry season but not the dry-to-wet transition. Moreover,
positive biases occur in the LFT, also consistent with the seasonal view in Figure 1, although they are more
prominent in the monthly data, as it is really in August-October, i.e., the late dry season/early dry-to-wet tran-
sition, that these are most prominent. The highest RMSE subset (top right) manifests much larger bias at low
levels across all months, with a strong resemblance to PUP mode 1 (we reiterate that models in the highest
RMSE subset are among those with the largest negative weights for the first PUP). The vertical structure for
the lowest RMSE subset (bottom right) hints at a slightly different structure, with peak negative values at
850 mb instead of 925 mb. The intermediate RMSE subset (bottom left) is notable for having larger LFT posi-
tive biases than either the lowest or highest RMSE subsets in the late dry season/early dry-to-wet transition.

4, Summary and Conclusions

We investigated observed and simulated relationships among monthly mean g vertical structure, cwv, and
precipitation at Manaus, Brazil, site of the recent GOAmazon field campaign. The seasonal mean vertical g
profiles for the 30 CMIP5 models examined are typically dry compared to mean radiosounding profiles, espe-
cially below 800 mb and prominently during the dry season. This behavior, mirrored in seasonal dry biases in
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cwv and precipitation, is consistent with prior studies of CMIP5-simulated surface hydroclimate biases over
the broader Amazon [Yin et al., 2013].

By applying multimodel EOF analysis to monthly g profiles, we isolate two modes of ensemble spread in
simulated vertical moisture structure at Manaus. The first mode is typically of the same sign throughout
the troposphere over all months but strongly peaked at low levels; the second g mode peaks in the layer
between 500 mb and 700 mb. Although both modes project significantly onto the leading mode of ensemble
spread in cwv (also assessed using EOF analysis), only the leading g mode projects significantly onto the lead-
ing mode of spread in precipitation. In light of the vertical structure of the second g mode, the weak correla-
tion to precipitation spread may be indicative of inconsistent sensitivity of simulated rainfall to LFT moisture.
In fact, previous work [e.g., Biasutti et al., 2006; Sahany et al., 2012] indicates that many current convection
parameterizations are too weakly dependent on LFT moisture.

Quantifying model agreement with observed precipitation and cwv using a simple RMSE metric indicates a
wide range of model skill. Although the MEM outperforms nearly all models with respect to both precipita-
tion and cwv RMSE taken together, many individual models do better than the MEM with respect to either
measure individually. It is worth pointing out that previous versions of one of the better performing models
for our RMSE measures, CESM1-CAM5, have been shown to perform well in statistics for LFT moisture sensi-
tivity [Sahany et al., 2014]. Compositing simulated g profiles with respect to precipitation RMSE performance
further indicates that the subset of models with the highest RMSE have the largest biases in low-level moist-
ure, as may be expected. On the other hand, the lowest RMSE models are not those with the smallest biases in
the lowest levels; rather, the lowest RMSE subset has smaller biases near 700 mb.

A natural and obvious question to ask is whether the characteristic patterns of spread in vertical moisture
structure presented here can be linked to deficiencies or errors in specific processes impacting tropospheric
moisture. Although such attribution is beyond the scope of this study, potential sources include
entrainment/detrainment, subcloud layer rain re-evaporation, surface energy flux partitioning, and boundary
layer thermodynamics and coupling to the LFT, not to mention convection parameterizations themselves.
Apart from deficiencies in model physics or parameterizations, some discrepancy may be introduced by
differences in the models’ native resolution. Finally, given our focus on a single location, we should not
discount the possibility that spatial biases in moisture and precipitation account for some aspects of the
spread identified here.
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