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Abstract. This paper reexamines evidence for systematichypothesized transport model biases, if found and corrected,
errors in atmospheric transport models, in terms of the diag-could cause inverse estimates to further diverge from carbon
nostics used to infer vertical mixing rates from models andinventory estimates of terrestrial sinks.

observations. Different diagnostics support different conclu-
sions about transport model errors that could imply either

stronger or weaker northern terrestrial carbon sinks. Conven- )

tional mixing diagnostics are compared to analyzed verticall ~ Introduction

mixing rates using data from the US Southern Great Plains

Atmospheric Radiation Measurement Climate Research FaCoupled carbon-climate models predict that the fraction of
cility, the CarbonTracker data assimilation system based or@nthropogenic C@emissions absorbed by ecosystems will
Transport Model version 5 (TM5), and atmospheric reanal-decline over the 21st century (Friedlingstein et al., 2006;
yses. The results demonstrate that diagnostics based daenman et al., 2007), but how accurately these models rep-
boundary layer depth and vertical concentration gradients déesent current ecosystem g@ources and sinks remains
not always indicate the vertical mixing strength. Vertical unclear. Uncertainties in ecosystem sources and sinks re-
mixing rates are anti-correlated with boundary layer depth afSult from errors in atmospheric transport models used to in-
some sites, diminishing in summer when the boundary |aye,fer ecosystem exchanges from concentration measurements
is deepest. Boundary layer equilibrium concepts predict arflDenning et al., 1995; Dargaville et al., 2003; Baker et al.,
inverse proportionality between GQertical gradients and 2006). The strongest vertical mixing coincides with ecosys-
vertical mixing strength, such that previously reported dis-tem uptake, in summer, with weaker vertical mixing in win-
crepancies between observations and models most likely rd€" When ecosystems release £Z@his covariance between
flect overestimated as opposed to underestimated vertic@tmospheric dynamics and ecosystem exchanges, known as
mixing. However, errors in seasonal concentration gradient$he seasonal rectifier effect, produces enhanced annual-mean
can also result from errors in modeled surface fluxes. Thigear-surface concentrations in northern latitudes even over
study proposes using the timescale for approach to boundargnnually-balanced ecosystems (Fung et al., 1983; Denning
layer equilibrium to diagnose vertical mixing independently et al., 1995). Inversions of modeled transport having erro-
of seasonal surface fluxes, with applications to observation§€ously strong rectification will compensate by overestimat-
and model simulations of CQor other conserved boundary ing northern and underestimating tropical terrestrial sinks,
layer tracers with surface sources and sinks. Results indicatl® balance the global CObudget (Denning et al., 1995;
that frequently cited discrepancies between observations angtePhens et al., 2007).

inverse estimates do not provide sufficient proof of system- Observational constraints could help reconcile atmo-
atic errors in atmospheric transport models. Some previouslgpheric inversions that infer strong northern terrestrial sinks,
with carbon inventories that estimate weaker northern but
stronger tropical terrestrial sinks. However, different obser-

Correspondence td: N. Williams vations support different conclusions about transport model
BY (inw@uchicago.edu) errors that would imply either stronger or weaker northern
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9632 I. N. Williams et al.: Boundary layer equilibrium and gidversions

terrestrial sinks. Boundary layer mixing intuitively plays a 2 Methods
role in rectification of CQ vertical gradients, by diluting the
effects of summer northern terrestrial uptake through deepe2.1 Mixed-layer approximation
mixing. Atmospheric transport models tend to underesti-
mate summer mixing depths (Denning et al., 1995; Chenl he tracer conservation equation allows us to relate transport
et al., 2004; Yi et al., 2004; Denning et al., 2008), but cor- and mixing to modeled or observed trace gas concentrations.
recting these errors could lead to even larger inferred north\WWe assume dry convection maintains well-mixed trace gases
ern terrestrial sinks in the inversions (e.g. Denning et al.,in the boundary layer, and refer to this boundary layer as the
1995; Yi et al., 2004), increasing the discrepancy with ter-mixed-layer. The corresponding tracer conservation equation
restrial carbon inventories. On the other hand, differenced€-9. Betts, 1992) is given by
between modeled and observed L£ertical profiles sug- 3 ah
gest systematically overestimated summer vertical miXingpm*(hCm)—,Ofog+,0fLU(Cf—Cm)+pml’l'U‘VCm =F (1)
(Stephens et al., 2007), implying that transport model inver-
sions would support weaker northern and stronger tropicawhereh, ¢y, ¢, p, w, v, andV are the mixed-layer depth,
terrestrial sinks if other aspects of the models were improvedfree troposphere and mixed-layer trace gas mixing ratios, at-
such as tropospheric transport and cloud mass fluxes. mospheric molar density, vertical wind velocity evaluated at
Comparisons of transport models and observations havéhe mixed layer height, horizontal wind velocity vector, and
not taken into account the timescale dependence of transpoltorizontal gradient operator, respectively; subscriptand
and mixing, which has led to hypotheses of both overesti-n denote quantities at the free-troposphere level just above
mated and underestimated vertical mixing in transport mod-the mixed-layer and averaged within the mixed layer, respec-
els, corresponding to both overestimated and underestimateively. The surface flux or net ecosystem exchangglqal-
northern terrestrial carbon sinks in the inversions. The dilu-ances the sum of mixed-layer GQtorage (first left-hand
tion by transient boundary layer growth approximately bal- side term), entrainment of free-troposphere Gfwing to
ances surface C{fluxes when analyzed during the daytime growth of the mixed-layer into the free-troposphere (second
or over a few days (Raupach, 1991; Raupach et al., 1992term), vertical advective transport averaged over the mixed-
Levy et al., 1999; Lloyd et al., 2001; Styles et al., 2002), andlayer (third term), and horizontal advection (fourth term).
can successfully explain the diurnal rectifier effect (Vi et al., Note the horizontal gradient operator and horizontal wind
2004). However over longer periods of time boundary layervector have components in both the meridional and zonal di-
depth reflects a statistical equilibrium between surface heatections, and therefore the horizontal advection term includes
fluxes acting to increase, and radiative cooling acting to de-both meridional and zonal advection.
crease boundary layer depth, with clouds coupled through It helps to keep in mind that the terms involviag /a¢
their effect on radiative cooling (Betts et al., 2004). Radia- (first and second left-hand side terms of Eq. (1)) and the ver-
tive cooling in turn balances adiabatic warming in subsidingtical advection (third left-hand side term) represent two sep-
branches of the circulation, bringing boundary layer trace gasarate physical processes (Betts, 1992). The former accounts
concentrations into a statistically steady state that reflects afor entrainment of free-troposphere €8y the mixed-layer
approximate equilibrium between surface fluxes and transgrowing into the free-troposphere, whereas the latter implic-
port by the subsiding flow (Helliker et al., 2004; Betts et al., itly accounts for the entrainment of free-troposphere,CO
2004). that has descended to the top of the mixed-layer through ver-
This paper uses boundary-layer equilibrium concepts tdtical CO, advection. We refer to these processes as entrain-
interpret discrepancies between modeled and observed comrent and vertical advective transport, respectively, but use
centration gradients in terms of transport model errors. Outthe term vertical transport and mixing when referring to the
results show that these discrepancies most likely result frontombination of both processes. Note also that net loss of
overestimated as opposed to underestimated vertical trangnixed-layer air to the free-troposphere by ascending winds
port and mixing, implying overestimated northern terrestrial does not directly affect mixed-layer concentrations, in which
carbon sinks in the inversions. However we find that seasonatase we must replaag with ¢, as the top boundary con-
concentrations alone cannot distinguish transport model erdition on CQ in Eq. (1). This dynamic boundary condition
rors from errors in prior-specified surface fluxes, and proposearises because the mixed-layer top moves relative to the ver-
a new diagnostic to isolate the effects of transport and mix-tical wind, and vice versa.
ing. We computed the first and second left-hand side
terms of Eq. (1) from day-to-day changes in afternoon
(01:00-04:00 p.m. local time) mixed-layer depths and con-
centrations. Turbulence becomes shallow and surface emis-
sions (e.g., ecosystem respiration) accumulate in a shallow
nocturnal boundary layer at night. However the rapid de-
cay of turbulence after sunset leaves a relic mixed-layer, or
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so-called residual layer, extending from the nocturnal bound-dimensional distributions of C£mole fractions and surface
ary layer to the depth of the afternoon mixed-layer, wherefluxes at 2x1° spatial resolution every 3-h (Peters et al.,
CO; concentrations are similar to the afternoon mixed-layer2007). CT/TM5 accounts for the effect of surface energy
(Yi et al., 2001). Therefore, we taker as the total depth  forcing on mixed-layer depth, through the prognostic en-
of the residual-layer and mixed-layer system and integrateergy budget in the underlying transport model (Transport
(Eq. 1) over the diurnal cycle by assuming (1) much largerModel 5, Krol et al., 2005). CT/TM5 incorporates surface
depth-integrated advective tendencies (third and fourth termflux measurements and model representations of ecosystem
of Eq. 1) in the residual layer than in the nocturnal boundaryexchanges in a global, two-way nested atmospheric transport
layer, due to the much larger residual layer depth and windmodel driven by meteorological fields from the European
speed; and (2) steady nighttime vertical concentration graCentre for Medium-Range Weather Forecasts (ECMWEF).
dients between free-troposphere and residual layer that ca®ur analysis includes observations from the SGP tower, and
be approximated by afternoon concentrations. Any accu-CT/TM5 data averaged over the two model grid points near-
mulation of CQ in the shallow nocturnal boundary layer est to three sites including SGP, described in the section
shows up in the mixed-layer concentrations the following above; LEF (45.95N, 90.27 W), characterized by a man-
day. Previous studies used these same approximations iaged forest of mixed northern hardwood, aspen, and wet-
various forms, to close the Gbudget over diurnal cycles lands; and Harvard Forest (HFM, 42°54, 72.17 W), a
(Chou et al., 2002; Bakwin et al., 2004; Helliker et al., 2004; managed, deciduous forest. These sites correspond to some
Yi et al., 2004). of the North American aircraft flask sampling locations used
in a related study (Stephens et al., 2007).
The CT/TM5 dataset did not archive vertical advection,
3 Measurements and model data which we recreated here with vertical velocities from the
ECMWEF interim reanalysis, based on the same general cir-
Our study uses atmospheric concentration measurementsylation model and parameterization schemes in CT/TM5.
collected at the Central Facility (36.6l, 97.49 W) of the  Differences between CT/TM5 and our recreated advective
US Southern Great Plains Atmospheric Radiation Measuretendencies are expected in part due to differences in the fore-
ment Climate Research Facility (SGP) between January 2008ast time-steps used to create each dataset, and interpola-
and January 2008. More than 80 % of the land surface of thgjon of the ECMWF meteorological data from5t x1.5° to
Southern Great Plains is managed for agriculture and grazinge x 1° resolution in CT/TM5. We averaged the two CT/TM5
(Fischer et al., 2007). Winter wheat grows from November grid-points closest to each of our study sites for use with the
through June over 40 % of the region (Fischer et al., 2007) ECMWF reanalysis vertical velocities, due to the difference
mostly to the southeast (Riley et al., 2009), with the remain-in resolution of these products. Additional spatial averag-
ing area dominated by pasture (40 %) and a mixture of C3ng had little effect on the results. Resolution sensitivity of
and C4 crops (20 %) that grow from April through August the recreated vertical advective tendency was investigated by
(Cooley et al., 2005). spatially averaging ECMWF velocities over the 1 through 4
A precision gas system (Bakwin et al., 1995) was usedgrid-cells nearest the SGP site, and was found to be small.
to obtain mixed-layer C®concentrations at 15-minute in- Sensitivity was further tested using vertical velocities from
tervals on the 60m tower. Pressurized air samples havéhree independent data assimilation systems (RUC, NCEP,
been collected approximately weekly on the 60 m tower andand NARR), which were qualitatively similar to ECMWF ve-
in the free-troposphere at SGP for subsequent analysis abcities and did not have a notable effect on our results.
NOAA/ESRL. The continuous mixed-layer G@oncentra-
tions were compared with the flask-based measurements to
account for and correct possible drifts. These flask-based Timescale dependence
measurements include, but are not limited to ,0CH,4, CO,
N2O, CO, Sk, Ho, and'3C and'®0 in CO,. The samplecol- 4.1  Scaling
lection procedures have been described in detail in Conway
et al. (1994). Typically, air was pumped into a pair of 2.5L Previous studies made approximations to the conservation
glass flasks, connected in series, and slightly pressurizedquation (Eg. 1) by neglecting either entrainment and stor-
above ambient pressure. For the free-troposphere concentrage (Bakwin et al., 2004; Helliker et al., 2004) or ver-
tions we used the first available flask sample just above theical advection (e.g. Yi et al., 2004), referred to here as
CT/TM5 mixed-layer depth (samples were typically avail- the equilibrium and non-equilibrium approximations, respec-
able at altitudes of 457.2, 609.6, 914, 1219.2, 1524, 1828.8tively. The choice of approximation has important impli-
2133.6, 2438.4, and 2743.2 m above ground, and higher, witlzations for transport model errors. We apply dimensional
an uncertainty of about 30 m). analysis to Eq. (1) to inform the appropriate approxima-
The 2008 CarbonTracker data assimilation system (heretion, by scaling the ratio of the sum of GGtorage and
after CT/TM5) provided mixed-layer depths and three- entrainment to vertical advection according to the ratio of a
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mixed-layer relaxation timer{ to a characteristic timescale
(T) of Eq. (1). We introduce the mixed-layer relaxation time

as the ratio of characteristic mixed-layer depth to a charac- 1.5

teristic subsidence rate & H/W). We refer to the ratio o SGP (DJ F)
of these timescales as= H/WT. The timescale®) can SGP (JJA)
be chosen to represent the timescale of interest, for the pur- ! (Y LEF (D) F)

pose of scaling the advective and storage and entrainment 1 ® LEF(JA)

terms. Note that we later apply a running time-average to % HFM (DJ F)

Eqg. (1), which imposes a lower limit on the timescdleas
determined by the averaging time.

The relaxation timec = H/W characterizes how long it
takes for tracer concentrations to come into equilibrium with
vertical transport by the subsiding flow. The characteristic
subsidence rat® reflects the aggregate of all processes af-
fecting subsidence, including synoptic systems. Frontal pas-
sages and other mechanisms of ascent are coupled to sub-
sidence through the conservation of mass and energy (e.g.
Lawrence and Salzmann, 2008). Adiabatic warming approx-
imately balances infrared radiative cooling in the subsiding
branches of the circulation, which in turn balances latent
?eer:'tslr:ﬁat:)é(;?ﬁ;:s?t?;e;gggnlgir:gebgﬁg;]p;?tlng storm Sys-_face flux, for various averaging times between 1 and 90-days dur-

. . . . N ing June, July, August (JJA) and December, January, and February

Dimensional analysis predicts that the equilibrium approx'(DJF). Ratios were calculated using the CT/TM5 model output at all

imation applies to the seasonal cycle when the relaxationpree sites (SGP, LEF, HFM), combined with meteorological data
time is significantly shorter than a season (k&k1), in from ECMWF (see text for details).

which case the storage and entrainment terms can be ne-
glected relative to vertical advection. We tested this predic-
tion by calculating the storage, entrainment, and vertical ad{Fig. 2a). The non-dimensional numbérquantifies the rel-
vection in Eq. (1) and applying a running average for aver-ative decrease in net storage and entrainment with increas-
aging times ranging from 1 to 90 days. The averaging timeing timescale, and also describes differences in timescale de-
corresponds to the shortest timescale resolved by the avependence across measurement sites related to regional-scale
aged equation, which helps quantify the relative importancedifferences in subsidence rates and mixed-layer depths (see
of each process at different timescales. We added storagsupplement and Fig. S1). More generally, the equilibrium
and entrainment together to form a single budget term, anchpproximation to Eq. (1) should include horizontal advection
divided the timeseries of this and the other terms into non-when similar in magnitude to vertical advection and surface
overlapping segments of length ranging from 1 to 90-daysfluxes. We included horizontal advection in our study of the
to obtain a statistical ensemble of gBudgets for each av- seasonal cycle, shown in the following section.
eraging time. We used non-overlapping segments to mini-
mize statistical dependence among ensemble members. The2 Seasonal surface flux and C@budget
90-day non-overlapping segments have only one sample for
each season in each year, for a total of 5 and 7 ensembl€he seasonally-averaged @®udget confirms the smaller
members for the SGP and CT/TM5 data, respectively (onecontribution of storage and entrainment relative to vertical
for each year of data), whereas the 45-day non-overlappingdvection, and shows that horizontal advection is smaller
segments contain 10 and 14 ensemble members, and so aman vertical advection but of the same order of magnitude.
We quantified the relative importance of each term as a funcThese results hold whether calculating budget terms from ob-
tion of timescale, by taking the magnitudes of these budgeserved concentrations at SGP (Fig. 3) or from CT/TM5 data
terms, and taking the ensemble-median of their ratios (Figs. Tor SGP, LEF and HFM (Fig. 4). We split the seasonally-
and 2). averaged vertical advection term into a linear and non-linear
Our results imply that previous studies based on non-part (i.e.,wAc = wAc + w’Ac’), for reasons that will be-
equilibrium approximations did not capture the transportcome clear in Sect. 5. This Reynolds decomposition follows
and mixing processes most important at seasonal timescaleBpm writing the components of vertical advection in terms
when surface fluxes (Fig. 1) and vertical advective trans-of 90-day averages and departures from these averages (e.g.,
ports (Fig. 2) exceed storage and entrainment by an ordew =w+w’, Ac = Ac+ Ac’, where primes denote departures
of magnitude. We obtained similar results when calculat-from the 90-day average) antic denotes the 90-day aver-
ing the budget terms from observed concentrations at SGRged vertical concentration gradield=c, —cs). The

Averaging Time (days)

(Entrainment+Storage)/Surface Flux

Fig. 1. Ratios of the sum of entrainment and storage to net sur-
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(Entrainment+Storage)/Vertical Advection
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Fig. 2. As in Fig. 1 but for the ratio of the sum of entrainment B Horizontal Advection - - - Total Vertical Advection |
. . - —— Nonlinear Vertical Advection —— Storage+Entrainment

and storage to vertical advection calculated from 60-m tower and  _.[i ! ! ! \ ! \ !

aircraft observations at SG) and from CT/TM5 at SGP, LEF, 2001 2002 2003 2004 2005 2006 2007 2008

and HFM(b).

Fig. 4. Contribution of mixed-layer budget terms to the net surface
T T T T T T T T T T T flux calculated from CT/TM5 assimilated concentrations at SGP
(a), LEF (b), and HFM(c).

-

£ o
g . I . . .
2 Storage +Entrainment last term is the contribution of vertically-integrated horizon-
Z o Horizontal Advection . tal advection, and we have used the equilibrium approxima-
Vertical Advection . . . . .
st | L | | —— porizontal +Vertcal Advection tion (neglectlng storage and entrainment). Equa}tlon (2) il-
2003 2004 2005 2006 2007 2008 lustrates why biases in seasonally-averaged vertical concen-

Year

tration gradients do not necessarily reflect systematic errors

Fig. 3. Contribution of mixed-layer budget terms to the surface in modeled transport or mixing, sinck is also affected by

flux at SGP, calculated from 90-day running averages using 60- ﬁSSIbIe Syftema“f(,: err?]rs ,m the Seasor;al sqrfar:e ﬂ(;));]( .
tower and aircraft mixing ratios, and decomposed into horizontaIT ese results confirm the importance of vertical and hori-

advection (green), vertical advection (blue), storage plus entrainZ0oNntal advective transports in determining the vertical distri-
ment (red) and the sum of all terms (thick black). bution of CQ in the lower troposphere.
The equilibrium approximation (Eq. 2) successfully pre-

i ical ad L he order of the hor Idicts the seasonal cycle and differences in vertical concen-
non-linear vertical advection is on the order of the horizontal i, gradients between the three sites. The equilibrium

advection at ,SGP and LEF, which highlights the irT‘port"’mcevertical gradients (Fig. 6a) compare favorably with those pre-
of weather disturbances on seasonal transport. The surfa

. _ Sed Sport _ Hficted by CT/TM5 (Fig. 6b) at all three sites (SGP, LEF,
flux predicted using the equilibrium approximation (Fig. 56}, HFM), although we see differences in the seasonal cycle
calculated from Eq. (1) after neglecting storage and entram'magnitude in some years. We did not compare panels

ment terms) approximat_ely agrees with the surface flux Pr€{Fig. 6a and b) directly because differences between CT/TM5

d|(;ted ;;rom the data assimilation scheme internal to CT/TMS g e equilibrium approximation were within the sensitiv-

(Fig. 5b). ity of our results to increasing or decreasing the mixed-layer
depth by one model level.

5 \Vertical gradients and rectifier effect We explored how seasonality in vertical transport con-
tributes to seasonal rectification, by examining height-time
We explored the consequences of boundary layer equilibriungross sections of the vertical wind field (Fig. 7, top three pan-
for vertical concentration gradients and the vertical rectifierels), with seasonal variability in mixed-layer depth overlaid
effect, by using Eq. (1) and inverting the slowly-varying (sea- as solid black lines in the top three panels of Fig. 7. The
sonal) component of vertical advective transport, to predictcross section shows the 90-day running average subsidence
the vertical concentration gradiemi¢ =c,, —cy), velocities as a function of height above the surface, for the
-— _ seven annual timeseries extending from 1 January—-31 De-
Ac=—(FtpywAc'=puhv-Ven)/(pyw) 2) cember, for January 2001-2008. Note that the 90-day aver-
where the second right-hand side term is the contribution ofage subsidence velocity at the 90-day average mixed layer
non-linear vertical advection (as defined in Sect. 4.2), thedepth (as indicated by the top three panels of Fig. 7) is not
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rates vary seasonally, so that both contribute to the rectifier
effect. In fact we find an anti-correlation between mixed-
layer depths and subsidence rates at HFM, where the co-
incidence of strongest subsidence with strongest respiratory
fluxes in winter helps to reduce winter mixed-layer concen-
trations relative to the free troposphere, bringing the winter
vertical gradients at HFM closer to those of other sites. Other
locations across eastern North America and the eastern At-
- . lantic also have reversed seasonality in subsidence rates (see
2001 2002 2003 2004 2005 2006 2007 2008 Supplement, Fig. S2), possibly related to topographic forcing

Year and stationary wave patterns (Saltzman and Irsch, 1972).
SGP — — — - LEF HFM

ll\)ON

N

Surface Flux (umol 2 s
o
FTTTTT7]

Fig. 5. Surface flux inferred from the equilibrium approximation 6 Relaxation times and vertical mixing diagnostic

(a) and the CT/TMS5 assimilated surface fl(i) for SGP (red), LEF i . i i

(dashed black), and HFM (blue), using 90-day averages. Equilib-Our results call for a new vertical mixing diagnostic that

rium fluxes(a) are given by the sum of horizontal and total vertical takes into account both the strength of the divergent circu-

advection shown in Fig. 4. lation and mixed layer depth variations. The boundary layer
relaxation timer = H/W (see Sect. 4.1) provides one such

) measure, which we can estimate from autocorrelations of

whereX (¢) is a continuous random variablejs a constant,
and Z(t) represents a white noise process with zero mean

(a

U T vertical concentration gradient fluctuations. To obtain the
= . relationship between vertical mixing and concentration au-
C ] tocorrelations, we draw an analogy between Eqg. (1) and a
n n first-order autoregressive process defined by

(b ax(t

T %JraX(t):Z(t) )

2001 2002 2003 2004 2005 2006 2007 2008 (e.g. Jones, 1975; Chatfield, 2004). We make this analogy
Year explicit by rearranging Eq. (1) to yield
SGP - — — - LEF HFM d
Z(hAc)+ (V-v)hAc=G(t) (4)

Fig. 6. Vertical mixing ratio gradient inferred from the equilibrium dt
approximation(a) and from the CT/TM5 data assimilation system \where we assumed that free-troposphere mixing ratios vary
(b) at SGP (red), LEF (dashed black), and HFM (blue), using 90-g|owly in time compared to mixed layer mixing ratios. Note
day averages. that 2 Ac is analogous toX (¢) in Eq. (3) and the equation

is evaluated at a fixed latitude and longitude. We used the

exactly the same as the 90-day average of daily Subsidenc\éertmalIy-mtegrated continuity equation,

velocity calculated at dai_ly mi_xed Igyer dep_ths (shown in thep w=—pu(V-v)h (5)

bottom three panels of Fig. 7 in solid black lines), but the dif-

ferences are small. Vertical velocity increases monotonicallyto relate the subsidence rate at the mixed-layer togn(

with height in the lowest 1-2 km, since vertical velocity must EQ. (1)) to the vertically-averaged horizontal wind diver-

vanish at the earth’s surface in the absence of topography. gence (bracketed term in Eqg. (4)), assuming constant diver-
The results show that mixed layer depth alone does nogience in the mixed-layer and zero vertical velocity at the sur-

fully explain the seasonal rectification of vertical concentra-face (e.g. Betts, 1992). The ter@(z) represents the combi-

tion gradients. Subsidence rates vary seasonally and theréation of surface fluxes and horizontal advection

fore also contribute to the seasonal rectifier effect (contours

in top panels of Fig. 7). We see the expected increase inG(t) =F/on—hv-Vep. ©)

vertical mixing in summer, which results primarily from in-  The weighting of the vertical gradient¢) by # in Eq. (4)
creased mixing depths at SGP and LEF (cf. solid and dashegkflects the fact that the divergent circulation transports more
lines in the lower three panels of Fig. 7). Deeper mixed mixed-layer mass per surface area as the depth of the mixed-
layers can engage in stronger mass exchanges with the fregzyer increases, requiring either larger surface flux or smaller

troposphere, because subsidence rates typically increase witfacer vertical gradients to balance tracer transport.
height. However both mixed-layer depth and subsidence
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Subsidence Velocity (cms™)

SGP LEF HFM
:Nw T T ™) T T é o T T —
_ < : j
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2 25 1.2 I 1 : 1
(<) L 4 L ]
6 e :
B r//ozs\; MS* . ‘_J//OJ
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Day of Year

Fig. 7. Top: Mean annual cycle of subsidence velocity (where 0) calculated from ECMWF data (years 2001-2007), contoured every
0.25cms !, overlaid with CT/TM5 90-day running average maximum daily mixed layer height (error bars indicate standard deviation of
the mean). Below: Subsidence velocity at the 90-day running average mixed layer, 19f<olid line) and at the annual average (constant)
mixed layer depth (dashed line).

SGP (Summer) SGP (Winter) where A is the autocorrelation function, and- ¢’ is the
1l ' ' ' "] R ' ' ' T time lag of the autocorrelation (e.g. Chatfield, 2004). We
a b apply this Eq. (7) to perturbations inAc¢ about the sea-
i 177 T sonal average (i.6iAc —hAc) so thatG(r) has zero sea-
05F ﬁ 1} i sonal mean, by analogy @(¢). Note that this perturbation

form of Eq. (4) is derived by subtracting the seasonal aver-

I 1 i i i ﬁ 1 ﬂ 1T ] ] { i l [ ] age of Eqg. (4) from both sides of the same equation. We

A C Autocorrelation

i = compared observed (blue markers in Fig. 8) and theoretical
L T autocorrelations for summer (June, July, August), and winter
o 2 4 6 8 o 2 4 6 8 (December, January, February) respectively, where we used
Time Lag (days) 60-m tower and aircraft flask samples to calculate autocorre-
) ) . L ) lations of observed vertical gradients at SGP. The gray lines
F|g._8.Aut_ocorreI§t|on coefﬂcpnt for perturbations in daily vertl_cal in Fig. (8) indicate the theoretical estimate from ECMWF
mixing ratio gradients from aircraft and 60-m tower observations reanalysis horizontal wind divergence using Eq. (7). Sensi-

(blue square markers), and from CT/TM5 (red circle markers). Er- .~ led th iahti h ical di b
ror bars indicate the standard deviation of the mean over all yeardVIty tésts revealed that weighting the vertical gradients by

(20032005 for observations, 2001-2007 for CT/TM5). Pa&ls (as in Eqg. (4)) had little effect on the autocorrelations, so we
and (b) correspond to summer and winter, respectively. The grayshow autocorrelations of the vertical concentration gradients

line indicates exponential decay toward the 90-day average value(Ac) alone, for simplicity.

a_ccording to Eq. (7) (width of the line indicates the standard devia- A comparison of CT/TM5 (red markers in Fig. 8) to ob-

tion). served autocorrelations (blue markers in Fig. 8) reveals no
major differences in diagnosed divergence rates at SGP. We

_ _ , estimated divergence rates of 6:280 % and 1.04 10 °s71
The diagnostic follows from Eq. (4) after noting that the for summer and winter, respectively, by a non-linear least-

autocorrelation of a first-order autoregressive process decay§quares fit of Eq. (7) to the CT/TM5 autocorrelations. We

exponentially as a function of time lag, with a rate constant,ineq similar divergence rates from the observed autocor-

a (cf. Eq. (3)). We therefore expect the autocorrelation of . 1iions (6161076 and 1.13105s! for summer and

perturbations ik Ac to decay according to winter, respectively), which correspond to subsidence ve-

A=exp—(V-v)(t—1)] @) locities Qf about 1 and 0.7 cn$, for '_[ypical mixe_d-lay_er
depths, in approximate agreement with reanalysis estimates
(cf. Fig. 7). Differences in sample means between the
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Over-estimated prior flux, Perfect prior flux, over- Perfect prior flux, under-
perfect transport estimated summer mixing estimated summer mixing
a b d
Forward
Transport ? Free-
Troposphere
OObserved £ posp
© | Mixed
£ | Layer
m

Mixing Ratio —»

Fig. 9. Panel(a): Schematic illustrating a hypothetical perfect summer transport model simulation (solid circles) forced with either summer
overestimated continental mixed-layer concentrations or overestimated prior surface flux, and the observed free-troposphere and mixed laye
concentrations (squares). Pa(®l as in(a) but for a hypothetical transport model simulation having correctly specified prior surface fluxes

but overestimated vertical mixing. Parfe): as in(b) but for underestimated vertical mixing. The mixed layer is indicated in gray shading.

CT/TM5 and observationally-derived divergence rates (e.g. We conclude that boundary layer relaxation times can di-
between 6.28 10 for CT/TM5 and 6.1 10 s~ for ob- agnose vertical transport and mixing relevant to seasonal
servations, in summer) were not statistically significant, andCO, budgets. Drawbacks to this method include the require-
would amount to vertical concentration gradient errors on thement that fluctuations about the seasonally averaged surface
order of 0.1 ppm (using\c ~ —Fw~! from Eq. (2)), much  flux represent temporally uncorrelated noise. The validity of
smaller than the errors reported in a previous study at othethis assumption will vary according to the measurement site,
sites (Stephens et al., 2007). but could be tested by comparing autocorrelations o @O
These results do not necessarily conflict with previousthose of other conserved tracers whose surface fluxes are less
work suggesting large errors in vertical transport and mix-likely to be correlated at sub-seasonal timescales. Previous
ing (Stephens et al., 2007), particularly because we have nattudies reported mixed-layer §Butocorrelations (Denning
applied our diagnostic to sites showing large discrepancie®t al., 1999), which were similar to our results usingCO
between observations and transport models inversions. Theut were not compared to the divergent wind field. Our work
CT/TMS5 vertical concentration gradient is inconsistent with provides a method to relate these concentration statistics to
ECMWF reanalysis subsidence rates at HFM (see suppletransport and mixing in atmospheric models.
ment, Fig. S2), which warrants further study, but those sub-
sidence rates are model-derived and so may also be in er-
ror. Note that CT/TM5 comes into closer agreement with 7
carbon inventories and has overall smaller concentration pro: A .
: . : Boundary layer equilibrium has important consequences for
file errors compared to the TransCom3 model inversions (Pe;,_ . ; . . )
- . the interpretation of Ceflux inversion errors. Given the sur-
ters et al., 2007). Also, CT/TM5 uses a higher resolution N i . : :
. .~ face flux, equilibrium predicts a simple inverse proportion-
(two-way nested) version of the TM5 model than what in- _,. . : : .
. L ality between CQ vertical gradients and the vertical wind
verse studies have used, and assimilates observed and model-

. . . . c~ —Fw™1), consistent with the hypothesis that mod-
derived surface fluxes every 3-h, including effects of inter- . ; . X
- o els systematically underestimate summer vertical gradients
annual variability and vegetation fires.

: : . .. due to overestimated vertical mixing (Stephens et al., 2007).
Our proposed diagnostic has the capability of determining . . . .
. . . . . However, the simple inverse proportionality between errors
if the systematic errors seen in transport model inversions re- ! . ..
. . o in vertical gradients and mixing only works when there are
sult from errors in the modeled divergent wind field. Trans-

. . : : : . no systematic errors in the surface flux, horizontal advec-

port model inversions predict vertical concentration gradi-,. : : . .
. . .. tive transport, or non-linear vertical advective transport (i.e.,
ents almost twice as large as observations at some sites . : .
Synoptic-scale eddies), according to Eq. (2).

(Stephens et al., 2007). The equilibrium boundary layer ap- Systematic biases in vertical gradients could also re-
proximation implies that these errors should appear as simi- y : o 9 e X
larly large errors in mixed-layer divergence rates, or equiVa_sult from errors in the initial fluxes specified in Bayesian-

. . . . . synthesis inversions, or in the biospheric models used for
lently in subsidence rates at the mixed-layer depth (i.e. tvwcet : . . i . .
. : . . hese inversions (and in CT/TM5), without having to invoke
as fast in transport models as in observations, according t% stematic transport model errors. Other studies also Sud-
Ac~—Fw™1). Such large errors are on the order of the dif- y P ) 9

. . ested inversion errors due to these prior fluxes, possibl
ference between winter and summer divergence rates at SGg P P y

S g o . : résulting from seasonality in fossil fuel emissions (Gurne
which is statistically significant in our analysis, and therefore g y ( y

should be detectable using the methods presented here. et al._, 2005; ET'C‘FSO“ et al., 2008) or errors in the seasonal
amplitude or timing of modeled biospheric fluxes (Peters

Discussion
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et al., 2007; Yang et al., 2007), which were not considered The equilibrium boundary layer approach does not con-
in past analyses of inversion sensitivity. Previous studies ussider mixing by convective clouds, and so may underesti-
ing Sk did not indicate such large systematic errors in sum-mate the extent to which spring and summer flux inversions
mer modeled transport (Gloor et al., 2007; Patra et al., 2009)could be in error due to transport model errors. However,
Overestimated prior fluxes would overestimate boundary-the resolved-scale subsidence velocity in the data assimila-
layer CQ concentrations relative to the free-troposphere intion systems used here accounts for the larger-scale effects
forward transport model simulations (Fig. 9a), similar to ob- of transport and mixing at the sub-grid scale, due to sepa-
served errors (Stephens et al., 2007) in transport model infate enforcement of mass and energy balance at both sub-
versions. grid and global scales in the models underlying these datasets
As a counter example to the hypothesis that vertical mix-(Lawrence and Salzmann, 2008). This process is reflected in
ing is systematically biased in transport models, consider @he reasonable agreement between surface fluxes and vertical
hypothetical transport model simulation having perfect ver-gradients from data assimilation systems and those recon-
tical mixing and transport but subject to specification of structed using the equilibrium approximation and resolved-
overestimated summer prior surface fluxes (shown schematcale model winds. Improvements to the parameterization of
ically in Fig. 9). Accurate transport implies that subsidence mixing and transport by convective clouds are still needed,
(w < 0) in this simulation always matches that of the real especially since these parameterizations were designed to re-
atmosphere. Overestimated summer fluxes fi.éess neg-  alistically simulate energy balances for climate studies rather
ative than observed) require larger free-tropospheric concerthan tracer transport.
trations in the forward simulation (solid circles in Fig. 9a)
than in observations (squares in Fig. 9a), and correspond-
ingly weaker vertical gradients, accordingaa ~ — Fw ™1,
Unless the inversion of this transport is tightly constrained Previously reported discrepancies between modeled and ob-

to observed concentrations, the post-inversion vertical gra- . . .
: ) : L served concentration gradients most likely result from over-
dient may remain underestimated, falsely indicating sum-

. - . . estimated as opposed to underestimated vertical transport
mer overestimated mixing, while free-tropospheric concen- T . : X
! . . Lo and mixing, implying overestimated northern terrestrial car-
trations would remain overestimated, falsely indicating un-

; . . . bon sinks in the inversions. However, seasonal concentration
derestimated summer mixing. This example illustrates why radients alone cannot distinguish between transport model
either CQ concentrations or vertical COgradients taken 9 9 P

errors and errors in prior-specified surface fluxes, according

opposite conclusions about these errors can be drawn wh\eixr‘\J boundary layer equilibrium concepts. We propose using

. ; the additional information contained in concentration gradi-
free-troposphere concentrations are considered separately 0 . ; . e .
; . ent fluctuations, to diagnose vertical mixing errors indepen-
mixed-layer concentrations.

. : . . : dently of errors in seasonal surface fluxes.
Previous studies cited underestimated model mixed layer : : -
Previous studies assumed that boundary layer depth indi-

depths as a mechanism for underestimated summer mixin ; - .
P Hates vertical mixing strength, whereas we found anticorrela-

(Yi et al., 2004; Denning et al., 2008), and as an explana-; ” . .
i . . tions between these quantities at some sites. Underestimated
tion for underestimated seasonal amplitudes of modeled free-

tropospheric and column-average £0Yang et al., 2007). model boundary layer depth therefore does not provide suf-

. ; . ficient evidence to conclude that transport models underesti-
However, we found an anticorrelation between mixed-layer

depth and the strength of the divergent circulation at Somemate northern terrestrial sinks. Vertical g@dvection by the

. . . e . divergent wind field strongly contributes to observed vertical
sites, such that vertical mixing diminishes in summer when . .
. . concentration gradients, and does not always track boundary
the boundary layer is deepest. We illustrate these error

schematically in Fig. 9b,c (circles and squares indicate modeTayer depth. We recommend considering subsidence or mass

and observations, respectively). Boundary layer equilibriumdlvergence rates together with boundary layer depth when

. . - ssessing transport model errors.
predicts that underestimated summer mixing should lea S S
. i . . . The equilibrium approximation neglects much of the com-
to overestimated vertical concentration gradients (Fig. 9c),

whereas observational studies found underestimated gradpilrenml?;i:; c?tetgrsiptri]sr?zc:;&tlgiizorgoﬁgiemlrﬂgg,o%ﬁfasggnm ttuljn
ents (Stephens et al., 2007). In the case of overestimate? P P 9

summer mixing (Fig. 9b), the hypothetical perfect prior flux yplpal diagnostics constrain. Our results |mply that dlscrep-
. o ancies between modeled and observed vertical concentration
would be adjusted to take up more €@ order to mini-

mize differences between the forward-transport simulationpmf”es alone are not sufficient to prove that the models have
and observations. after the inversion procedure OVeresti_systematic vertical transport and mixing errors. The methods
mated summer n%ixing would thereforg be moré desirabledeveloped here provide additional observational constraints

with regard to explaining why the northern land carbon Sinkneeded to diagnose the several factors leading to errors and

. L . . : . uncertainties in transport model inversions.
is stronger in inversion estimates than in land carbon inven-

tories.

Conclusions

www.atmos-chem-phys.net/11/9631/2011/ Atmos. Chem. Phys., 11, 9631-9641, 2011



9640 I. N. Williams et al.: Boundary layer equilibrium and gidversions

Supplementary material related to this tributions from transport and the seasonal rectifier, Tellus B —
article is available online at: Chem. Phys. Meteorol., 55, 711-722, 2003.
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